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Abstract
Certain optical materials interact with high intensity light in a nonlinear way causing the
emission of higher energy photons. Nonlinear optical thin films have many promising
uses such as frequency converters, optical switches, and data storage devices. Beta-
barium borate (P-BaB204, P-BBO) was chosen for this investigation due to its large
optical transparency range, high radiation damage threshold, and its ability to up-convert
infrared light to the ultraviolet (UV) and visible region. The preparation and processing
of two novel precursors for P-BBO nonlinear optical thin films were studied using 1) 2, 4,
6-triphenylcyclotriboroxine, cryptand 2.2.2, and barium hydride and 2) 2, 4, 6-
trimethoxycyclotriboroxane, 18-crown-6, and barium metal. The precursors were
analyzed by nuclear magnetic resonance (NMR) spectroscopy, infrared (IR)
spectroscopy, thermal gravimetric analysis (TGA), and differential scanning calorimetry
(DSC). The solid state thermolysis products ofProject 1, powders and thin films, were
characterized by X-ray diffraction. The Project 1 precursor was successfully used to
produce p-BBO thin film on sapphire substrate (R-plane, 1-102 orientation) via
metalorganic deposition (MOD). The formation temperature of P-BBO, based on the
XRD results of the thin film produced using the Project 1 precursor, was found to be as
low as 550 C. The formation temperature of p-BBO, based on the DSC results of the
Project 2 precursor, was found to be near 560 C.
xm
Introduction
Optics, the study of the properties and behavior of light, is of continuing interest because
light is both a wave and a particle and its interactions with other particles or crystals
cause deferment, interference, polarization, and other effects. Some of these effects can
be utilized to manipulate the energy of the light. Nonlinear optical materials show
polarizations that are nonlinear with respect to the applied electrical or magnetic
field.1
The theory of optics is easily described using photons. A photon is a quantum, or energy
packet, of electromagnetic radiation. Polarization is the direction of the applied electrical
field. The application of a photon is the same as applying an electromagnetic field.
Therefore, when a photon is applied to a polar material the electrons of that material
realign appropriately for that field resulting in a change of its polarization. Low
intensity ofphotons are unable to cause nonlinear optical behavior. The polarization
observed is parallel and directly proportional to the applied field. However, high
intensity ofphotons can produce nonlinear optical effects. The observation of these
effects is achieved using lasers in the infrared through ultraviolet regions of the
electromagnetic spectrum. When using these higher energy fields the polarization may
be saturated causing a nonlinear relationship with the supplied field (Equation l)1; where
P is the polarization, t represents time, E is the electric field, co is the frequency, C0 is the
permittivity of free space, and X is the electric susceptibility.
P = eoXE0(sincot) + (1/2C0X2)E02(l-cos2cot) + (% eoX3)E03(3sincot
-
sin3cot) +. . .
Equation
l1
These nonlinear relationships can be used to describe the generation ofhigher energy
photons. These photons can be used in many optical devices such as frequency
converters and optical parametric oscillators. Thin films of such NLO materials have




Ofparticular interest are second harmonic generation (SHG) non-linear optical
materials because they double the frequency of the applied photon. SHG is characterized
by having the cos2cot term in Equation 1, indicating that 2co of the incident wave is
emitted from the
material.1
There are a number ofmaterials that display nonlinear optical properties, such as
potassium dihydrogenophosphate (KDP), lithium borate (LBO), potassium titanyl
phosphate (KTP), P-barium borate (P-BBO), and bismuth borate (BiBO). Choosing an
appropriate material is based on its properties and the application of the material. Some
properties of the NLO materials listed above are shown in Table 1 . Beta-barium borate
was chosen for this investigation because of its ability to be used in a wide range of
optical devices as well as its advantageous NLO properties. Beta-barium borate has a
wide optical transparency range and a high damage threshold compared to the other NLO
materials listed. Beta-barium borate also has large NLO coefficients. Some critical
properties ofBBO can be seen in Table 2.
Table 1. Properties of some NLO materials
NLO material Optical Damage NLO Reference




p-BBO (BaB204) 190-3500 5 d22 = 2.3
d3, =0.16
2
KDP (KH2P04) 174-1570 -0.25 d36 = 0.38 2,8




KTP (KTiOP04) 350-4500 0.9-1.0 dis= 2.6
d24 = 3.3
2,8





*NLO coefficient, d, is defined in reference 8.
Table 2. Properties of p-barium borate
Property Value References
Space Group R3 2-6
Cell Dimensions (A)
a=b= 12.519 c=12.723 (hexagonal cell) 2,4-6
Transition temperature
from P to a (C)
9255 2,4,5
Melting Point (C) Approximately 1095 4,5
Transparency (nm) 190-3500 2,4,5
Damage Threshold at
1064 nm (GW/cm 2)
10 (0.1ns pulse) 5 (10 ns pulse) 2
NLO coefficients (pm/V) d22
= 2.3 d31= 0.16 2
Barium borate is known to exist in three forms. The low temperature y form is amorphous
and not believed to have the characteristic borate rings found in both the a and P forms.
The a form is centrosymmetric and therefore can not act as a nonlinear optical material.
The a form exists at high temperatures; the conversion temperature, from P to a, is
accepted to be 925 5
C.2' 4' 5
The p form is noncentrosymmetric and is observed to
have up to fifth order nonlinear optical
properties. The coordination geometry of the
barium (2+) ion causes the structural and optical differences of the a and P forms. The a
form has two types of barium ions, with coordination numbers of six and nine, whereas
the two types ofbarium ions in the p form both have coordination numbers of
eight.4'
6
These differences in the coordination of the barium (2+) ion cause changes in the
alignment of the borate rings; in the p form the planar borate rings
(B306)"3
lie









Figure 1. Crystal structure of p-barium borate, Ba3(B306)2 (1).
3
There are a variety ways to produce thin films; these methods are commonly grouped into
two categories ofvapor phase methods and solution phase methods. The most common
film fabrication methods are described in Table 3. The two preferred methods for binary
and more complex materials are chemical solution deposition (CSD) and chemical vapor
deposition/metalorganic chemical vapor deposition (CVD/MOCVD). CSD is the method
ofusing a solution as a vehicle to apply the components of the wanted film phase to the
substrate. This process can operate from room temperature to close to the boiling point





A process where the film phase is deposited from solution. A
solution containing compound(s) of the appropriate
components of the wanted film phase is applied to the
substrate. This process can operate from room temperature to
close to the boiling point of the solvent followed by baking to




The use ofmetalorganic compounds that are dissolved in
solution in the appropriate stoichiometric amounts. After the
solution is applied to the substrate they are heated to obtain the
wanted polycrystalline film phase. No reaction occurs prior to
the heat treatment.
16
Sol gel A MOD method that typically consists ofhydrolysis ofmetal
alkoxide, alcohol elimination, and water elimination to obtain




Physical vapor deposition Material to be deposited is converted into vapor by physical
means and is transported across a region of low pressure from
its source to the substrate where condensation occurs to form
the thin film.
22
Electron beam evaporation PVD technique where evaporation of the metal or material
occurs by using an electron beam.
7
Sputtering PVD technique where atoms or molecules are dislodged from
the surface of a material using high energy particle
bombardment, transported to a substrate, and allowed to





Requires the volatilization of the precursor(s), the transport of
the produced vapor phase to the surface of the substrate where
chemical reactions and surface diffusion occur to give the film.
26-31
Spray MOCVD Mist, generated from a solution ofprecursor(s), is transported
in vapor phase into deposition chamber - this technique useful
for precursors of low volatility that cannot be used in
conventional MOCVD processes.
32-39
Liquid phase epitaxy PVD technique using a saturated solution and an appropriate
substrate that has an epitaxial match with the wanted film
phase.
40-42
(a) CVD and MOCVD are essentially the same process, differing only in the type of
precursor compounds used
- CVD uses inorganic precursors such as halide or hydride
compounds while MOCVD uses organometallic compounds
of the solvent followed by baking to obtain the wanted film phase. CVD requires the
volatilization of the precursor(s) and gas transport of the produced vapor phase to the
surface of the substrate where chemical reactions and surface diffusion occur to give the
film.31
There are advantages and disadvantages to both solution phase and vapor phase
processes. Generally, solution deposition processes are experimentally more convenient
and are less expensive. However, solution depositionmethods generally give poor
quality films, which are porous and contain higher levels of carbon contamination than
vapor phase methods. Vapor phase processes, where the processing conditions can be
more precisely controlled, produce higher quality films. The high quality is, however
accompanied by the need for complex and expensive equipment, as well as higher
processing temperatures and highly purified precursor reagents.
An issue with all methods ofmaking a thin film is stoichiometry and the controlling of
any reaction at the substrate. This issue can be overcome by the use of a single source
precursor (SSP). A SSP is a compound that contains the proper atomic stoichiometry to
obtain the desired film phase. A SSP must be able to undergo thermal decomposition to
give the desired monophasic film. The use of a SSP provides proper stoichiometry,
reduces the presence of unwanted bi-products, typically provides a less air and moisture
sensitive precursor, and tends to produce more uniform thin films. The incorporation of
the basic atomic structure of the target phase in such SSPs also significantly reduces the
diffusion and reaction requirements needed with multi-source precursors. This results in
a lower processing temperature. There are a
number of SSPs described in literature used
to obtain inorganic thin film
phases.43"63
Examples of a few SSPs and their related
multiple source chemistries are shown in Table 4. Currently there are no reported SSPs
for the preparation of p-BBO thin films. Table 5 lists some reported fabrications for 0-
BBO films.




Single Source Precursor Reference(s)
MgAl204 Mg(s-Bu)2 / Al(0-i-
Pr)3
[H2Al(0-t-Bu)2]2Mg 43,44











LaA103 La(thd)3/Al(thd)3 (b) [LaAl(OPr')6(Pr'OH)]2 50
(a) acac
= 2,4-pentanedionate; dmaeH = N,N-dimethylaminoethanol
(b) thd
= 2,2,6,6-tetramethylheptane-3,5-dionate











-alpha BBO 810 40,41
MOCVD B(0-iPr)3>
Ba(thd)2(a)























































Sapphire, quartz, and silica 750 15
(a) thd





= 2-ethoxyethanol (Ethylene Glycol Monoethyl Ether)
(d) 2MOE
= 2-methoxyethanol
(e) The Pechini process is a method known
for using citric acid to obtain a polymeric precursor.
The goal of this research is to prepare and characterize novel SSP(s) for P-BBO. Solid
state thermolysis of such compounds will be studied initially to establish that the
precursors give the desired P-BBO phase. Complexes, which have been shown to be
viable P-BBO SSPs, will be evaluated as precursor reagents inMOCVD or MOD film
fabrication processes, depending on their volatility. The goal of this work is to
demonstrate that such precursor(s) can give monophasic P-BBO films. Upon achieving
this goal, future work will focus on the deposition of epitaxial thin films of P-BBO using
such SSP.
A viable SSP for P-BBO would have the following: 1) 1 :2 atomic stoichiometry ofBa:B
(the stoichiometry of oxygen is not critical since the precursor can be fired in air to
provide any needed oxygen), 2) the ability to undergo solid state thermal decomposition
to give the desired monophasic P-BBO, 3) physical properties to provide compatibility
with the particular film fabrication method used (i.e., volatility forMOCVD or solvent
solubility for spray MOCVD or MOD), and 4) air stability (this is more of a convenience
than essential property).
Barium has a large ionic radius hence a large coordination sphere and can achieve high
coordination numbers in its compounds. The value of its ionic radius is dependent on the
coordination number of the barium (i.e., 1 .49 A (CN = 6); 1 .56 A (CN = 8); 1 .66 A (CN
= 10); 1 .75 A (CN
=
12)).64
It has been observed that oligomeric complexes are often
formed due to this characteristic. Unfortunately, oligomeric barium complexes have low
volatility. The complete encapsulation and production of a mononuclear complex of
barium is necessary to obtain a promising precursor. A variety of ligands have been used
to encapsulate barium in the hope of obtaining a mononuclear volatile
76
Most of the successful mononuclear volatile complexes have contained diketonate
and/or fluorinated
ligands.26, 33' 65, 69, 70
The use of fluorinated ligands is not
recommended for the production of P-BBO because barium fluoride is more
fhermodynamically stable than barium oxide. BaTi03, BaB204, and BaFei20i9 thin films
have been successfully produced via CVD using non-SSP barium diketonates.
"
'
Barium fluoride thin films have been produced using fluorinated barium compounds.
A macrocyclic ligand, such as a crown ether (e.g. 18-crown-6, 2) or cryptand (e.g.
cryptand 2.2.2, 3) is included in the compound to saturate the coordination sphere of the
large Ba (2+) ion, minimizing the possibility of the formation of a dimeric or oligomeric
complex. Norman and
Pez,70
have demonstrated the utility of a related monomeric Ba
(2+) complex, [Ba(18-crown-6)(hexafluoroacetylacetonate)2], (4, Figure 2) as a useful Ba
precursor in the MOCVD fabrication of thin films of the 1-2-3 high temperature
superconductor.
Figure 2. Molecular structure of Ba(hexafluoroacetylacetonate)2(18-crown-6) (4).
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Project 1: The preparation and processing of a novel
precursor using 2, 4, 6-triphenylcyclotriboroxine, cryptand
2.2.2, and barium hydride
Introduction
A promising boron containing ligand (5) similar to the well-known acetylacetonate ligand
(6) has been described in literature.
"
The general design chemistry of the
electronically neutral Ba (2+) complexes with this ligand is outlined in Figure 3.




















Figure 3. Design of Single Source Precursors for Beta-Barium Borate
0
O R
A paper by Koester, et al. described the syntheses of organoboron-oxygen-
77
halogenaluminium compounds (Scheme 1). Intermediate product, D, contains the
chelating
(03B2R2)2"
ligand (5), which is the ligand of interest because it gives the proper




The observance of this intermediate product and the reactivity of
barium towards oxygen suggest that a similar reaction may occur if a barium starting
12
material is used instead of aluminum. The remaining coordination sites of
barium may
be occupied by adding a crown ether or cryptand. The crown ether would encapsulate the
barium promoting the formation a mononuclear barium complex, a potential MOCVD
SSP for P-BBO.
Experimental
Materials. Barium Hydride (99.5%) was obtained from Pfaltz and Bauer and used as
received. Cryptand 2.2.2 (98%), also known as Kryptofix 2.2.2 and 4, 7, 13, 16, 21, 24-
Hexaoxa-1, 10-diazabicyclo [8.8.8.] hexacosane, and phenylboronic acid (95 %) were
obtained from Sigma Aldrich and used as received. Cellulose powder was obtained from
Fluka Biochemika and used as received. Silica Gel 60, with a fluorescent indicator,
precoated plastic-backed thin layer chromatography plates were obtained from EMD
Chemicals (product #5735). The cellulose on glass thin layer chromatography plates
were obtained from Sigma Aldrich (product # Z122815). Tetrahydrofuran (THF),
hexanes, methanol, acetone, and toluene were obtained from J.T. Baker. THF was dried
by distillation from calcium hydride or barium hydride. Acetonitrile was obtained from
EMD chemicals and used as received. Ethyl ether was obtained from EM Science and
used as received. The 100mm in diameter by 0.5mm thick R-plane sapphire substrates














































Scheme 1. Koester, et al. syntheses of organoboron-oxygen-halogenaluminium
compounds.77
1 is
the cyclic boroxine, 2 is an aluminum halide, AlHal3 (2a being aluminum chloride and 2b aluminum










Scheme 2. Reaction scheme for synthesis of 2, 4, 6-triphenylcyclotriboroxine.
Synthesis of 2, 4, 6-triphenylcyclotriboroxine (TPB, 10). The synthesis was
performed based on a briefpreviously reported description (see Scheme 2).
Phenylboronic acid (PBA, 9) (8.20 to 33.7 mmol, 1.00 to 4.10 g) was heated at reflux in
hexanes using a Dean-Stark like apparatus until the white solid was completely dissolved
(2-5 hours depending on the amount of starting material used). When the solid dissolved
the reaction flask was stoppered and cooled in an ice bath to allow crystals of the product
to form. The cooling of the solution was followed by vacuum filtration using a glass

















Scheme 3. Reaction scheme for synthesis of precursor using barium hydride, cryptand 2.2.2, and 2, 4,
6-triphenylcyclotriboroxine. The reaction was performed in 2:1:2 ratio because the quality of the
barium hydride was uncertain. The question mark suggests the uncertainty of the product structure.
This will be discussed in the Results and Discussion section.
Synthesis of precursor using cryptand encapsulated barium hydride solution
and 2, 4, 6- triphenylcyclotriboroxine. The glassware was flame dried before use.
The round-bottom Schlenk flask which captured the dried solvent had a vacuum valve
adapter attached, i.e. a stoppable connection piece. In a glovebag, barium hydride (8.94
mmol; 1 .25g) and cryptand 2.2.2 (3) (4.47 mmol; 1 .69 g) were massed in the glovebox
before being added to the capture/reaction flask with dried THF. The clear reaction
solution, some white solid remained undissolved, was then heated at reflux under an
argon atmosphere. After about 20 hours, freshly made TPB (10) (8.94 mmol; 2.78g) was
added to the reaction flask while in the glovebag. The reaction solution was then allowed
to reflux under a flow of argon for approximately 70 hours. After cooling, the reaction
solution was vacuum filtered using a glass fritted Buchner funnel to remove the
remaining white solid. The white solid
was a mixture ofbarium hydroxide and un-
reacted barium hydride. Hexanes were added to the transparent filtrate. The cloudy
solution would clog a sintered glass filter and so the solvent was evaporated using a
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rotary evaporator. The addition of hexanes seems to reduce the amount of yellow viscous
liquid product and increase the amount of the white powder product. The product (8a)
was characterized using thin layer chromatography (TLC), nuclear magnetic resonance
spectroscopy (NMR), thermal gravimetric analysis (TGA), and differential scanning
calorimetry (DSC).
Instrumentation andMethods
Thin layer chromatography. TLC systems were developed for PBA (9), TPB (10),
cryptand 2.2.2 (3), and the product(s) (8a). The system used to determine the presence of
PBA (9) and TPB (10) was found to be silica TLC plates and 1:1 hexanes: ethyl ether.
The system used to determine the presence of cryptand 2.2.2 (3) was found to be silica
TLC plates and methanol. A single ideal system was never obtained for the
determination of the products (8a) but two systems were found to be adequate at
determining the product(s) (8a). These systems were with cellulose on glass TLC plates
and either 3:2 mixtures ofhexanes: ethyl acetate or 3:2 hexanes: THF. Iodine staining
was used for all systems.
Purifications of the crude precursors. Recrystallizations, Soxhlet extractions,
rinsings, and column chromatography were performed in an attempt to purify the crude
product (8a). THF, acetone, acetonitrile, and methanol were able to dissolve the
product(s) at room temperature. Hexanes, ethyl ether, and toluene were unable to
dissolve the pioduct(s) and readily dissolved the cryptand (3). PBA (9) and TPB (10)
were completely soluble in ethyl ether and toluene. TPB (10) was soluble in hexanes at
elevated temperatures. PBA (9) was not soluble in hexanes. The solubility of the
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compounds in these solvents was taken into account in the purification attempts. The
column chromatography attempts were made using the cellulose TLC systems
mentioned
above; THF or ethyl acetate were run after the 3:2 hexane mixtures in attempt to obtain
the pure product. Methanol was run through the column to ensure that no product
remained on the column. The products of the attempted purifications were characterized
by TLC and NMR spectroscopy.
Preparative Thin Layer Chromatography.
Making the Preparative Thin Layer Chromatography plates. The TLC plates were
made with a few variations from
literature.81
Cellulose was massed out and placed in a
beaker. Tap water was also added to the beaker; the mass ratio of cellulose to water was
approximately 1 :4. The mixture was stirred slowly until it appeared homogeneous. It
was then poured uniformly onto glass plates, which were outlined with masking tape (ten
pieces) to control the thickness of the sorbent. Two plate sizes were made; small plates
using microscope slides (25mm x 75mm) and larger plates using plates of glass (110 mm
x 220 mm). The plates were allowed to air dry for at least an hour before removing the
tape. The plates were activated in the oven for approximately 30 minutes at temperature
between 100 and 130 C.
Running the Preparative Thin Layer Chromatography. The activated plates were
spotted with the product mixture (8a) dissolved in a small amount of THF. The plates
were then placed in a shallow reservoir of ethyl acetate and sealed as well as possible.
The solvent was allowed to move up the entire small plate and slightly more than three
quarters up the larger plate. The plates were stained in an iodine chamber to observe the
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paths traveled. Three major sections were observed, scraped, and dissolved to
determine
the components of those sections. The components of the scraped sections were
determined by the TLC systems used for the determination of cryptand 2.2.2 (3) and TPB
(10). The section at the origin was dissolved using THF and vacuum filtered using a
glass fritted Buchner funnel. The filtrate was then placed into an ampule and the solvent
was evaporated using a rotary evaporator. The obtained sample was then dried using an
Abderhalden for about five days. The obtained products were characterized by
elemental analysis.
Proton Nuclear Magnetic Resonance Spectroscopy. 'HNMR spectra were
obtained using a 300 MHz Bruker NMR Spectrometer model DRX-300. The solvent
used was deuterated dimethylsulfoxide (d-DMSO), which contained some water and
tetramethylsilane (TMS). The signals appear as a singlet at 3.25 ppm, a multiplet at 2.4
ppm, a singlet at 1.1 ppm, and a singlet at 0.0 ppm.
Thermal Gravimetric Analysis. The instrument used was a TA Instruments TGA
2050. The TGA scans were performed with a heating rate of 10C per minute until 700
C was reached where it remained for three minutes before cooling. The analyses of the
crude products (8a) were performed under nitrogen and under air. The analyses of the
cryptand (3) and TPB (10) were performed under nitrogen.
Differential Scanning Calorimetry. The instrument used was a TA Instruments DSC
2010. The DSC analysis was performed after heating the sample to 260C to prevent the
evolution ofvolatile compounds from the decomposition of organic moieties. The DSC
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scans were performed under a flow ofnitrogen at about 81 milliliters per minute with a
heating rate of 10C per minute until 600 C was reached where it remained for five
minutes before cooling at a rate of 10C per minute to 30 C.
Elemental Analysis. Elemental analyses was performed on four different products
after being subjected to preparative TLC. The elemental analyses were performed at
Galbraith Laboratories, Inc. The percents of carbon and hydrogen present were
determined by combustion whereas the percents of barium and boron present were
determined by inductively coupled plasma (ICP) atomic emission spectroscopy.
Solid State Pyrolysis ofPrecursor(s). Samples of the product(s) (8a) were baked in
a Lindberg/Blue M Moldatherm furnace with a slight flow of oxygen, monitored by the
attachment of a bubbler. The product samples were baked at about 200 C for
approximately one hour, about 400 C for approximately one hour, 550 C for an hour,
and finally at 650 C for an hour. The products baked at 550C and 650C (11-550 and
11-650) were characterized by IR spectroscopy and powder x-ray diffraction (XRD).
Infrared spectroscopy. The instrument used was a Biorad Excalibur FTIR FTS3000
with Diffuse Reflectance and ATR. The spectra were obtained using made potassium
bromide pellets of the baked products (11).
X-ray Diffraction Analyses of baked powder products. Six powders (11), three
baked at 550C and three baked at 650C, were submitted to Kodak for analyses. The
samples were mounted on quartz zero background disk and were analyzed using the
coupled XRD technique. The diffractometer used was a Rigaku D2000 Bragg-Brentano
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diffractometer equipped with a copper rotating anode, diffracted beam graphite
monochromator tuned to CuK alpha radiation, and scintillation detector.
Three of the six powders (11), the three powders that were previously baked at 650C,
were heated further in a porcelain dish at 800C for one hour in air. The samples were
then ground and mounted as sprinkles on quartz zero background disks with a small
amount of silicone grease. The samples were analyzed using the coupled XRD technique
(i.e. normal theta/2theta diffraction scans).
Production of the Precursor Thin Films. Thin films were produced via MOD using
a Headway Research, Inc. spin coater model PWM32. The sapphire substrate was rinsed
with ethanol before the application of the film. The substrate was cleaned using acetone
prior to rinsing with ethanol.
The application solution was prepared as follows: 1.1 grams of the product(s) (8a) was
placed in about 10 mL of hexanes, heated, and vacuum filtered. The filtered solid,
approximately 1.0 gram, was then dissolved in dried THF, 30 mL; slight heating assisted
in dissolving the solid and vacuum filtration was performed to remove any remaining
particles.
The spin coater was programmed to accelerate to 500 RPM at a rate of 100 RPM/sec.
The speed of 500 RPM was held for 60 seconds before deceleration to 0 RPM at a rate of
100 RPM/sec. The clean substrate was placed on to the moveable arm and aligned above
the rotating platform before raising the lift. Once the substrate was steady on the lift the
arm was moved aside and the substrate was brought down to the rotating platform.
Approximately 3 mL of the precursor solution was applied as uniformly and completely
21
as possible onto the substrate before beginning the acceleration program. The resulting
precursor film was then evaluated visually and by optical microscopy. The optical
microscope used was a Reichert-Jung Scope with video imaging and Mettler FP5 Hot
Stage.
Heat Treatment and XRD of the Precursor Thin Film. The thin film on the
sapphire substrate was analyzed by XRD before and after seven heat treatments. The
heat treatments were performed in DelTech 2010 furnace. Each of the heat treatments
were performed for five minutes under ambient air and occurred at 300C, 400C, and
from 500C to 700C at steps of 50C. The sample was cooled to room temperature
before each XRD analysis. The analyses were performed at Kodak by Mr. Tom Blanton
and Mr. Craig Barnes.
Results andDiscussion
Characterization of 2, 4, 6-triphenylcyclotriboroxine.
Proton NuclearMagnetic Resonance Spectroscopy. The literature reference reports
the reaction is complete with the disappearance of the hydroxide singlet at
8ppm.80
Using that information and the comparison ofPBA (9) and TPB (10) spectra, it was
confirmed that the expected cyclic boroxine was formed. The PBA (9) spectrum was
expected to have a singlet at about 8ppm for the hydroxide groups (2H), a doublet
between 6 and 8.5ppm for hydrogens lying ortho to the boric acid group (2H), and two
triplets between 6 and 8.5ppm for the hydrogen para and meta to boric acid group (3H).
The observed spectrum (Figure 4) showed the expected singlet at 8 ppm for the













Figure 4. Proton NMR spectra of commercial phenylboronic acid
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unexpected doublet at 7.8 ppm and a multiplet at 7.3 ppm. The unexpected doublet
represents the existence of another set of ortho hydrogens. The multiplet accounts for a
number of different meta and para hydrogens. The presence of the latter two mentioned
peaks suggests some intermediates and/or the desired cyclic boroxine are present in
addition to the PBA (9). The TPB (10) spectrum was expected to have a triplet between
6 and 8.5ppm for the hydrogens lying meta to the boroxine ring (6H), a doublet between
6 and 8.5ppm for hydrogens lying ortho to the boroxine ring (6H), and a triplet between 6
and 8.5ppm for the hydrogens para to the boroxine ring (3H). The expected peaks were
observed at 7.8 ppm and 7.3 ppm (Figure 5). Again there is some slight indication of
intermediates and/or starting material at 8.0 ppm and 7.7 ppm but this is explained by the
presence of some water in the solvent pushing the equilibrium towards the reactants
(refer to Scheme 2).
PBA (9, Figure 4) 'HNMR, 300MHz: 5 7.3 (m, 3H, meta and para), 5 7.7 (d, 2H,
J=6.56 Hz, ortho), 5 8.0 (s, 2H, O-H).
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Figure 5. Proton NMR spectra of 2, 4, 6-triphenylcyclotriboroxine
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Characterization of cryptand encapsulated barium hydride and 2, 4, 6-
triphenylcyclotriboroxine precursor(s). The proposed precursor, 8a, is the target
compound. However, it was reported that with further opportunity to react, the borate
TO
(
ring may open up. With this in mind, it is anticipated that there are at least four ways
that the cyclic boroxine may coordinate with barium (Figure 6). These four ways, along
with the presence of excess TPB (10) and the coordination of the cryptand (3), suggest
fourteen plausible products. Unfortunately, numerous purification attempts were
unsuccessful and the composition and structure of the product(s) are still unknown. The
purification attempts tried were recrystallizations, Soxhlet extractions, rinsings, and
column chromatography. The products of the attempted purifications were characterized
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Figure 6. Four possible ways that the boroxine or boroxine fragment may coordinate to barium.
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Rf=0 Rf=0 Streak with concentrated
ends at Rf=0 and Rf= 0.91
intermittently observed
Thin Layer Chromatography. Multiple TLC systems were used to study this reaction.
The summary of these systems is listed in Table 6. The system using silica plates and 1 : 1
hexanes: ethyl ether determined the presence of PBA (9) and TPB (10). The system
using silica plates and methanol system determined the presence of cryptand (3). All
components, PBA (9), TPB (10), the cryptand (3), as well as the product(s) (8a), traveled
with the solvent using cellulose TLC plates and either THF or ethyl acetate. The addition
ofhexanes prevented the cryptand (3) and the product (8a) from traveling with the
solvent. The use of 3:2 hexanes: THF or 3:2 hexanes: ethyl acetate with the cellulose
plates displayed the cryptand (3) as a streak from Rf values 0 to 0.43, as well as a streak
with concentrated ends; one was at the origin and the other had an Rf value of 0.91. The
presence of the streak at 0.91 was not always present with each attempted synthesis,
which is consistent with a high degree ofmoisture sensitivity.
After each purification attempt, the TLC systems using the silica plates developed for the
cryptand (3) and the boron starting materials typically displayed a decrease or loss of the
cryptand (3) and a minimal decrease of the cyclic boroxine (10). These observations
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suggested that the product was not stable on TLC plate, which led to characterization by
NMR spectroscopy. The NMR spectra obtained were the same as the crude product
spectrum discussed below.
Proton NuclearMagnetic Resonance Spectroscopy.
Cryptand 2.2.2. (3) The NMR spectrum of the bicyclic cryptand is expected to display
three triplets of equal integration. The spectrum (Figure 7) is observed to have a triplet at
2.4 ppm, a triplet at 3.4 ppm, and a singlet at 3.5 ppm. Molecular motion on the NMR
time scale could be responsible for the observed loss of coupling.
Cryptand 2.2.2 (3, Figure 7) 'HNMR, 300MHz: 5 2.4 (t, 12H, J=5.70Hz), 5 3.4 (t,
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Figure 7. Proton NMR spectra of cryptand 2.2.2
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Crude products (Figure 8). Following the reaction, the cryptand (3) peaks were simply
shifted from that of the free molecule. The coordinated cryptand (3) peaks are observed
as a triplet at 2.6 ppm and overlapping triplet and singlet at 3.6 ppm. The aromatic
region is not as easily deciphered. The area contains a doublet at 7.9 ppm, a doublet at
7.7 ppm, multiplet from 7.4 to 7.2 ppm, and a multiplet from 7.0 to 6.9 ppm. A singlet at
8.0 ppm was observed in some of the samples attributed to the presence of PBA (9). The
doublet at 7.7 ppm and some of the multiplet at 7.3 ppm are suspected to arise from
residual boron starting materials, PBA (9) and/or TPB (10). The new doublet at 7.9 ppm
suggests the presence of a new set of ortho hydrogens. The new multiplet from 7.0 to 6.9
ppm suggests the presence of new meta and para hydrogens. The expansion of the
multiplet at 7.3 ppm, as well as the residual starting material peaks, suggest the existence
of additional phenyl hydrogens. These observations can not determine the structure of
the made compound(s) but do support the occurrence of a reaction by suggesting that
there are two or three new phenyl rings.
Crude product (8a, Figure 8) 'HNMR, 300MHz: 5 7.9 (d, J=9.33Hz), 5 7.7 (d, J=9.33
Hz), 5 7.3 (m), 5 3.6 (s), 5 3.6(t,
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Figure 8. Proton NMR spectrum ofKW-IMSlsox, product(s)
after attempted purification by
Soxhlet extraction using ethyl ether.
Peaks representing ethyl ether are observed as a quartet at 3.3
ppm and a triplet at 1.0 ppm. Possible
structures are shown on the next page.
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The indicated number of new phenyl rings reduces the number ofpossible product
structures. Four likely products (81 - 8IV) were chosen based on these results and were
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Figure 9. Illustrations of the four proposed product structures,
I- IV, used for interpretation of the
characterization results. The four products are designated as 81 - 8IV.
Thermal Gravimetric Analysis. The analyses of the crude product (8a) were performed
under nitrogen and under air (Figure 10). The analysis under air is preferred due to its
ability to assist in the oxidation of the product. The results of both analyses are described
together due to their similarities. The expected results are listed in Table 7, which shows
the expected percent weight loss for fragments of the possible compounds. The starting
materials, cryptand (3) and TPB (10), were also analyzed to better assign the observed
weight losses of the precursor; the analyses were performed with the same settings as the
precursor but were only performed under nitrogen.
32
Table 7. Calculated expected we
products (8I-IV).
ight losses for appropriate fragments based on four possible
Fragment lost (mass) % lost if 81
(736.9
g/mol)









Phenyl ring (77.0 g/mol) 10.4 9.3 7.3 6.8
Cryptand 2.2.2 (376.4
g/mol)
51.1 45.5 35.9 33.1
Triphenylcyclotriboroxine
(311.4 g/mol)









93.3 83.2 65.6 60.4
Beta-barium borate**
(222.9 g/mol)
30.2 27.0 21.3 19.6
* These results are not applicable due to the hypotheses being that these are products I or II which
do not contain two triphenylcyclotriboroxine rings. **The values listed for fj- barium borate are








Universal V3.5B TA Instruments
Figure 10. TGA scans of the precursor (8a) under nitrogen and air. The three weight loss steps as
percentages beginning after 170C (as the initial mass) are approximately 10%, 35%, and 20% with
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Figure 12. TGA scan shown for cryptand 2.2.2 under nitrogen.
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The TGA scan ofTPB (10) (Figure 1 1) shows that it begins to evaporate at
approximately 190C and that it has completely left the pan at approximately 260C. The
TGA scan of cryptand (3) (Figure 12) shows that it begins to evaporate at approximately
200C and that it has completely left the pan at approximately 300C. The samples
remaining from the analyses of the precursor (8a) in the TGA pan were black. The black
coloring is unexpected since
(3- BBO is a white powder, and suggests the presence of
some graphite or other impurity. The presence of the impurity increases the mass of the
residue hence decreasing the expected percent weight loss of each fragment. It should
also be remembered that some fragments of the
'lost'
components are necessary to obtain
P- BBO again affecting the expected percent weight loss values. As seen in the supplied
scans, a weight loss of about 10% occurs between approximately 170 and 260 C. This
weight loss likely corresponds to the loss ofpart ofTPB (10) (the rest becoming part of
the BBO residue). A weight loss of about 30% occurs between approximately 260 and
360 C. This weight loss is likely to be the loss of the cryptand (3). The remaining
percent mass at 700C of the product is approximately 25%. The slightly higher than
expected remaining percent mass of the product is accounted for by the presence of
graphite or other impurity. Based on the observed data, it is likely that there are two
cyclic boroxine coordinated to the barium suggesting that the product (8a) is, or is similar
to, 8III or 8IV. However, product 811 remains a possibility.
Differential Scanning Calorimetry. The DSC scan of the product(s) (8a) (Figure 13)
showed a small exothermic peak at approximately 360 C in agreement with the major
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weight losses observed in the TGA. The high temperature end of the DSC scan is
complex and not easily deciphered without further analyses. The expected exothermic
peak representing the conversion to the |3 form is between 550 and 750C,
12"15, 17"21, 82
but
due to the multiple peaks, it cannot be confirmed which one represents the conversion. It
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Figure 13. DSC scan of the impure product after heating to 260C to allow the removal of organic
compounds.
Elemental Analysis. The expected and obtained elemental analysis results are shown in
Tables 8 and 9 below. All calculations for the elemental analysis evaluation are
described and shown in Appendix A.
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Table 8. Table of the expected percentages for each atom in four proposed products and the starting















I (736.9 g/mol) 18.63 2.93 48.85 6.24 23.35
II (826.7 g/mol) 16.61 3.92 52.26 6.41 20.8
III (1048.3 g/mol) 13.1 5.15 54.94 5.82 20.99






NA* 10.40 69.36 4.82 15.41
THF (72.1 g/mol)
NA* NA* 66.57 11.10 22.33
"Not Applicable because atom is not present in molecule.
Table 9. Results obtaine
products (8a) after bein
d from Galbrai





















KW-IIM1APT 0.254 0.051 56.14 8.38 35.175
KW-IIM23APT 4.21 2.49 54.04 7.27 31.99
KW-IH-75APT 2.05 0.772
NA* NA* NA*
* Not Applicable due to not enough sample present for analyses. The differences between the
samples are the ages of them; each is a product of the precursor reaction but from a different batch.
KW-II-143 was obtained approximately 3 months, KW-III-11 approximately 2 months, KW-IH-75
approximately 1 month, and KW-III-123 was obtained about 1 week before being subjected to
preparative TLC. APT stands for After Preparative TLC, all of the preparative TLCs were
performed within a period of one week.
The obtained barium and boron results are significantly lower than expected whereas the
carbon and hydrogen results are surprisingly close to the expected values. The method of
analysis may be to blame for the accuracy of these
results. The ICP method of analysis
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may have used the outermost portion of the sample causing error due to the settling of
heavy atoms. Combustion analysis studies the entire sample to give a more accurate
result. These results may also be explained by the presence of either excess cryptand (3)
or solvent. The percent of oxygen and nitrogen is higher than expected (expected
approximately 20%; observed 32-35%). This agrees with the comment about excess
cryptand (3) and/or solvent. Ifpreset individually, the amount of excess cryptand (3)
and/or THF can be determined (refer to Appendix A). However, some of the calculations
gave negative values. These negative values suggest that there may not have been any of
the proposed products present. Additional calculations can be performed to assist in the
determination of the composition of the product, as described next.
Ideally, the weight percent ratios could be used to determine which product is observed.
Unfortunately, some results show both high boron percentages and low barium
percentages. These observations prevent concrete conclusions and suggest the presence
of excess TPB (10). The amount of excess TPB (10) was calculated but unfortunately
many of the results were again negative values. However, the weight percent ratios can
be used to determine the impurity of the samples. The range of impurity can be
determined based on the fact that the sum of the percentages must equal 100% and the
assumptions that either all of the barium or the boron exists as the product (8a). Based on
the impurity calculations, it cannot be decided whether the entire use ofbarium or boron
is more likely and thus suggests a combination of the two. The calculations suggest that
the percent of impurities is between 33 and 58%. This percentage of impurities continues
to suggest that the product(s) (8a) is highly unstable.
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Characterization of baked precursor(s) using cryptand encapsulated barium
hydride and 2, 4, 6- triphenylcyclotriboroxine.
Infrared Spectroscopy.
According to literature, the structure of the borate ring is responsible for the IR spectrum
of P-BBO. Frequencies due to the motions of the bonds of the barium ion are expected to
be in the far-infrared region and are usually not accounted for. The borate ring is
calculated to have three major peaks existing at 1329, 1141, and 764
cm"1.83
The high
wave-numbered peaks represent stretching of the boron-oxygen bond. The bending of
the oxygen-boron-oxygen bonds is seen as the
764cm"1
peak. These calculations give
good approximations to those observed. The peaks reported in literature are closer to
1400, 1200 and 700
cm"1.12"14'
17"21
The IR spectrum of the product baked at 550C (11a)
is in closer agreement with expected IR spectrum of P-BBO than that of the product
baked at 650C (lib). Unlike the DSC and powder XRD results, the IR spectrum
suggests that formation temperature of P-BBO may be closer to 550 C than 650 C
and/or another reaction or manipulation may occur around 650C. The XRD analyses of
the baked products (11) should assist in making these conclusions.
Baked at 550C (11-550, Figure 14) (cm-1): 1630 m, 1376 s, 1031 s, 701 m.




Figure 14. IR spectra of impure precursor using cryptand encapsulated barium hydride and TPB
after baking at 550C and 650 C for an hour.
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X-ray Diffraction Analyses of baked powder products. The IR spectra of the baked
products (11) suggest that the wanted p-BBO was formed but was not definitive. The
XRD results showed that p-BBO was the minor product. The formation of P-BBO is
again suggested to occur at 650C or above. Of the six powders analyzed by XRD (Table
10) only two positively contained barium borate. There was amajor phase ofbarium
carbonate, witherite, observed. These results should not be taken negatively due to the
observed presence of barium borate. The observed presence of barium borate suggests
that this research provides a promising route to a novel P-BBO precursor. The observance
of barium carbonate suggests the powders should be subjected to heating for a longer
period of time or at higher temperature. The XRD results can be found in Appendix B.
Table 10. Summary ofXRD analyses results of the baked powders (11). The top thi









KW-III-165. 11.550 Yes Yes 9* 9*
KW-III-165.75.550 Yes No No No
KW-III-165. 143.550 Yes Yes Yes No
KW-III-1 39. 11.650 Yes Yes No Yes (trace)
KW-III-139.75.650 Yes No No No
KW-III-139.143.650 Yes Yes Yes (major) Yes (trace)
*The question marks are present because two crystalline components were observed but not
assigned. Again the differences between the samples are that they are from different batches of the
same reaction. The number preceding the page number, i.e. 11, 75, and 143, represent the original
identification number of the sample before baking. The baked samples are of the same samples used
for elemental analysis but were not subjected to preparative TLC before baking.
The three powders that were previously baked at 650C were subjected to further heating
at 800 C for one hour in air. Of the three powders analyzed by XRD (Table 11) two
contained increased crystalline barium borate. The presence of an amorphous phase and
barium carbonate were still observed. However, the presence of barium borate still
suggests that a precursor has been obtained.
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Yes Yes Yes Yes
The baked powders were the ones previously baked at 650C. They were renamed by simply
indicating the 800C. The additional baking and the XRD analyses were performed at Kodak
approximately two months after the first set of analyses.
After obtaining the XRD results, the IR spectra (Figure 14) were reevaluated to confirm
the presence of barium carbonate. Inorganic carbonates are expected to have six bands;
one between 1530 and 1320 cm"1, one close to 1 160 cm"1, and others between 1 100 and
1040 cm"1, between 890 and 800 cm"1, and lastly between 745 and 670
cm"1.84
The IR
spectra in literature found the observed bands for barium carbonate as 1449, 860, and 700
cm"185
and 3436, 1625, 1484, 1 143, 845, and 708
cm"1.86
The three expected peaks for P-
BBO are close to those expected for barium carbonate, but should be distinguishable.
The observed bands at 650 C seem to arise from a combination of the vibrations
expected for barium carbonate and barium borate agreeing with the XRD results.
Characterization of thin film of precursor(s) using cryptand encapsulated
barium hydride and 2, 4, 6- triphenylcyclotriboroxine.
Appearance of the thin films. The objective was to make a uniform thin film. Some
simple techniques could be used in the lab to ensure sufficient uniformly had been
achieved. First, the film could be angled in such a way that specific colors (green,
purple) were reflected
based upon constructive interference of the light internally
reflected with in the sample. Thickness uniformity was ensured if the reflected colors
were consistent across the sample. Second, inconsistencies in film thickness have also
been correlated with changes in color of the film when observed through an optical
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microscope. Hence, thickness consistency could be characterized using this second
simple technique. The characterized film met the thickness requirement and reflected the
light when angled properly. However, it was not uniformly distributed over the substrate.
The quick evaporation of the solvent from the substrate while applying made the
uniformity requirement difficult to satisfy. When observed using the optical microscope,
the film was quite consistent throughout with slight differences in thickness (i.e. color) at
some locations. A few particles were also seen on the film.
Characterization of heated thin film of precursor(s) using cryptand
encapsulated barium hydride and 2, 4, 6- triphenylcyclotriboroxine.
XRD analysis of the heat treated of the Thin Film. As stated above, the thin film on
the sapphire substrate was analyzed by XRD before and after seven heat treatments. As
expected, the composition of the unheated film was identified as being amorphous before
receiving heat treatment and no crystalline peaks were detected from 300C to 500C.
From 550C to 700 C, two crystalline peaks, (104) and (006) representing the P-BBO
orientation were observed. The (006) is the preferred orientation and has higher SHG
signal. The intensity of the peaks varied as the temperature increased, agreeing with
literature,6' 7' 12"14' 17"21' 24
the (006) orientation is observed to have higher intensity at
higher temperatures. The observation of the lower formation temperature from that of the
powders may be attributed to the sapphire
substrate.
Conclusions
Although the structure/identity of the precursor product(s) (8a) is still uncertain, a
precursor for P-BBO has been obtained based on XRD results. A number ofpurification
attempts were made howevermost of the results appeared negative. The unsuccessful
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purification attempts suggested great reactivity of the precursor product (8a). The
characterization techniques used indicate that multiple precursors are possible. The
results of these characterizations were used to assist in determining the identity of the
precursor(s). Fourteen possible precursors were hypothesized based on the reaction
conditions used. The NMR spectra reduced the number of possibilities and four possible
precursors were suggested. The TGA scans further reduced the number of likely
precursors, suggesting that the precursor probably consists of two boroxines coordinated
to the cryptand-encapsulated barium (8III and 8IV). However, the possibility of one
open chain boroxine coordinated to the cryptand-encapsulated barium (811) can not be
ruled out. The original proposed precursor (81) is unlikely to be the obtained product
based on the weight loss percentages observed in the TGA scans.
Regardless of the precursor(s) reactivity and the uncertainty of its composition, the
product(s) (8a) successfully produced P-BBO powders and film. Based on the powder
XRD and DSC results, the formation temperature was found to be approximately 640C.
The film XRD results suggest that the formation may begin as early as 550C.
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Project 2: The preparation and processing of a novel precursor
using 2, 4, 6-trimethoxycyclotriboroxine, 18-crown-6, and
barium metal.
Introduction
Timothy Gross, a previous graduate student ofDr. M. L. Illingsworth, suggested the
further study of barium (18-crown-6) cyclotriboroxane
precursor.82
This project was
originally conceived as a variation ofwork done by Yogo and
co-workers.18'20
As stated
above, Yogo and co-workers made P-BBO thin films via sol gel method by using barium
metal, 2, 4, 6-triethoxycyclotriboroxane, ethanol, and
2-ethoxyethanol.18'20 Gross'
variation was to use 18-crown-6 (2) to occupy remaining coordination sites of barium
rather than adding 2-ethoxyethanol. Gross repeated the work ofYogo and co-workers
and found that the use of 1 8-crown-6 (2) prevented oligomerization and reduced the
complete formation temperature of P-BBO by approximately 100 C to
550C.82 Gross'
work was repeated and the use of 2, 4, 6-trimethoxycyclotriboroxane was studied. It was
believed that the use of the 2, 4, 6-trimethoxycyclotriboroxane would promote the
reaction and possibly lower the formation temperature further because the methyl group
presents less of a steric barrier.
Experimental
Materials. Boron oxide (99.98%), triethyl borate (98+ %), and trimefhyl borate
(99.9995+ %) were obtained from Alfa Aesar and used as received. 1 8-crown-6 (99%),
barium pieces (99%), and barium metal (dendritic pieces, 99.9%) were obtained from
Sigma Aldrich and used as received. Ethanol was obtained from Pharmco Products and
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dried over barium metal. Tetrahydrofuran (THF) was obtained from J.T. Baker and was











Scheme 4. Reaction Scheme for synthesis of 2, 4, 6-trialkoxycyclotriboroxane where R is methyl (a)
or ethyl (b) group.
Synthesis of 2, 4, 6-triethoxycyclotriboroxane (TEB) and 2, 4, 6-
trimethoxycyclotriboroxane (TMB). The cyclic triboroxanes (13) were prepared
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according to a literature method (see Scheme 4). The reactions were carried out in
vacuum-sealed glass tubes. The vacuum was applied using a vacuum pump attached to a
three way stopcock with a short piece ofvacuum tubing to hold the multi-sectioned
reaction tube. The three way stopcock allowed a vacuum to be kept in the tube during
transfer to and from the glove box. The reaction tube was first flame dried while a
vacuum was applied. The boron oxide (10.6 mmol, 0.74 g) was then added while in the
glove box. The boron oxide was heated in the tube furnace at 250C while a vacuum was
pulled to ensure dryness. The reaction tube was then returned to the glove box and the
appropriate trialkyl borate (12.9 mmol, 1.88g, 2.18 mL triethyl borate, 12b, or 1.34 g,
1.46 mL trimethyl borate, 12a) was added. The reaction tube was then connected to the
vacuum line, contents of the reaction tube were frozen using a dry ice and acetone
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mixture to prevent loss of the trialkyl borate (12), and the reaction tube was vacuum
sealed. The sealed reaction tube was then placed in a tube furnace for 10 to 20 hours at
the appropriate temperatures; 250C for 2, 4, 6-triethoxycyclotriboroxane (13b) and
180C for 2, 4, 6-trimethoxycyclotriboroxane (13a). The resulting clear liquid products
(95% yield), occasionally with some white solid, were purified by mixing with dried
THF, vacuum filtering through a glass fritted filter, and low pressure removal of the THF
(60%o recovery). The purification process was monitored by NMR spectroscopy. The
purified liquid products were also characterized by IR spectroscopy.
Preparation of the crown ether encapsulated barium ethoxide solution. To a
flame-dried round-bottom reaction flask with the dried solvent, a vacuum valve adapter
was attached, i.e. a stoppable connection piece. The reaction was performed in a glove
bag in an argon atmosphere. Barium metal (0.43 g, 3.1 mmol) was added to the dried
ethanol (50mL), and when bubble formation ceased, 18-crown-6 (2) (0.83 g, 3.1 mmol)
was added to the solution. The clear solution was allowed to sit for approximately 20
hours in the glove-bag before continuing with the synthesis of the precursor.
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Scheme 6. Synthesis of precursor using encapsulated barium ethoxide and 2, 4, 6-
trialkoxycyclotoriboroxane; R is either methyl or ethyl. The precursor obtained from using TMB
(13a) is noted as 15a, similarly the precursor obtained from using TEB (13b) is noted as 15b.
Synthesis of precursor(s) using crown ether encapsulated barium ethoxide
solution and 2, 4, 6- trialkoxycyclotriboroxane. The cyclic triboroxane (2.1 mmol;
0.45 g, 0.40 mL TEB, 13b, or 0.36 g, 0.29 mL TMB, 13a) was added to the freshly
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produced encapsulated barium ethoxide solution while in the glove-bag. The solution
was then heated at reflux for about 20 hours under an argon atmosphere (see Scheme 6).
The product was then obtained by either low pressure evaporation of the solvent to give
the non-hydrolyzed products (15n) or by hydrolysis followed by low pressure
evaporation of the solvents to give the hydrolyzed products (15h). The non-hydrolyzed
products (15n) were characterized by NMR, IR, TGA, and DSC.
The hydrolyzed products (15h) were obtained by adding about 50mL ofdistilled water to
reaction solution and followed by low pressure evaporation and vacuum filtration to
ensure removal of solvents. The hydrolyzed products were characterized by IR
spectroscopy.
Instrumentation andMethods
Solid State Pyrolysis ofHydrolyzed Precursors. Samples of the hydrolyzed
products (15h) were baked in a Lindberg/Blue M Moldatherm furnace with a slight flow
of oxygen; the flow of oxygen was controlled by the attachment of a bubbler. The
samples were baked at 250 C for 30 minutes, 350 C for an hour, and finally at 550 C
for an hour. The hydrolyzed TMB product (15ha) was heated at 550 C for an additional
hour. The baked products (16) were characterized by IR spectroscopy.
Infrared spectroscopy. The instrument used was a Biorad Excalibur FTIR FTS3000
with Diffuse Reflectance and ATR. The spectra of the trialkyl borates (12) and
trialkoxycyclotriboroxanes (13) were obtained by sandwiching a small sample of the
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liquid between two potassium bromide salt plates. The spectra of the 1 8-crown-6 (4),
precursor products (15), and baked products (16) were obtained using made potassium
bromide pellets.
Proton Nuclear Magnetic Resonance Spectroscopy. The proton NMR spectra
were obtained using a 300 MHz Bruker NMR Spectrometermodel DRX-300. The
solvent used for the characerization of the trialkyl borates (12) the impure
trialkoxycyclotriboroxane, and the pure trialkoxycyclotriboroxane (13) was deuterated
chloroform, accounting for the small peaks at 7.2 ppm. The solvent used for the
characterization of the crown ether the encapsulated barium ethoxide solution (14), and
the hydrolyzed and non-hydrolyzed products (15) was deuterated methanol. The
deuteratedmethanol was observed as a singlet with sidebands at 3.6 ppm and a singlet at
2.0 ppm. An odd shifting of 1 .4 ppm upfield was observed for the deuterated methanol.
This shifting is most easily noticed in the non-hydrolyzed product spectra (Figures 35 and
36, pages 72 and 73); the TMS peak can be seen at -1.4 ppm. The observed ppm are used
in the discussion but the corrected ppm are noted in parentheses.
Thermal Gravimetric Analysis ofNon-Hydrolyzed Precursors. The instrument
used was a TA Instruments TGA 2050. The TGA was performed under a flow of
nitrogen with a heating rate of 10C perminute until 700 C was reached where it
remained for three minutes before cooling.
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Differential Scanning Calorimetry ofNon-Hydrolyzed Precursors. The
instrument used was a TA Instruments DSC 2010. The DSC was performed under a flow
ofnitrogen at about 81 milliliters per minute with a heating rate of 10C per minute until
600 C was reached where it remained for five minutes before cooling at a rate of 10C
per minute to 30 C.
Results andDiscussion
Characterization of 2, 4, 6-triethoxycyclotriboroxane and 2, 4, 6-
trimethoxycyclotriboroxane.





The spectra of the cyclic boroxanes products (13) are shown (Figures
21 and 22). The observed frequencies are close matches to those described in literature.
The peaks observed between 1520 and 1300
cm"1
account for boron-oxygen stretching.
The peak at 1490 cm"1, as well as the shoulder seen at 1520 cm"1, are assigned to boron-
oxygen stretching. The peaks observed in the 1050 to 1 100
cm"1
range account for the
carbon-oxygen bond stretching of the alkoxy groups; the size of the alkoxy group
determines the number of bands present in this region. The formation of the products is
observed by the presence of a shoulder at 1520
cm"1
and a peak at 720
cm"1
not present in
the spectra of the starting materials. The shoulder suggests a higher bond order and
absorptions near 720 and 735
cm"1
which are highly characteristic for metaboric
esters.87
The IR spectra alone do not clarify whether any of the starting alkyl borates (12) remain,




(^bKcm"1): 1495 vs, 1438 vs, 1434 sh, 1380 s, 1337 s, 1291 s, 1168 s,
1 106 s, 1056 vs, 898 s, 813 w, 698 sh, 671 vs, 559 w, 524 m.
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Trimethyl borate89(12a)(cm"1): 1484 s, 1417 m, 1377 s, 1348 vs, 1183 m, 1172 m,
1112 vw, 1095 vw, 1032 s, 883 w, 815 w, 773 w.
Triethoxycyclotriboroxane87(13b, Figure 15)(cm '): 1521 sh, 1495 vs, 1433 vs, 1383
vs, 1341 vs, 1289 s, 1215 w, 1 164 w, 1 107 s, 1080 s, 1055 sh, 901 w, 824 w, 804 w, 736
vs, 722 s.
Trimethoxycyclotriboroxane87(13a, Figure 16)(cm_1): 1520 sh, 1486 vs, 1427 sh, 1351
vs, 1304 s, 1221 w, 1186w, 1085 s, 1037 m, 1021 sh, 975 w, 898 w, 879 w, 863 w, 799













































Figure 16. Infrared Spectrum of 2, 4, 6-trimethoxycyclotriboroxane
\
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Proton Nuclear Magnetic Resonance Spectroscopy. The methyl groups are expected
to be a singlet due to there being only one type of hydrogen in the compounds. The ethyl
groups are expected to be a quadruplet, representing the methylene hydrogens of the ethyl
group, and triplet, representing the methyl hydrogens, due to the interaction of the
neighboring hydrogens. The spectra showed the expected alkyl peaks (Figures 17-20).
Trimethyl borate (12a) was represented as a singlet with sidebands at 3.5 ppm whereas
TMB (13a) was represented as a singlet with sidebands at 3.8 ppm. Triethyl borate (12b)
was represented by a quadruplet at 3.7 ppm and a triplet at 1 .0 ppm whereas TEB (13b)
was represented by a quadruplet at 4.0 ppm and a triplet at 1 .3 ppm. These shifts
downfield are expected because the formations of the rings cause a greater electron-
withdrawing affect on the alkyl groups. The disappearance ofmultiplets at 1.8 ppm and
3.7 ppm signaled the removal of the THF during the purification, also, the absence of the
peaks due to the starting materials indicate that they have been consumed and/or
removed. The spectra of the impure products are not shown. The NMR spectra confirm
that the wanted cyclic boroxanes were formed.
Triethyl borate (12b, Figure 17) 'HNMR, 300MHz: 5 1.0 (t, 9H, J= 7.03 Hz), 8 3.7 (q,
6H,
J= 7.04 Hz).
TEB (13b, Figure 18) 'HNMR, 300MHz: 8 1.3 (t, 9H,
J= 7.08 Hz), 8 4.0 (q, 6H,
J=
7.06 Hz).
Trimethyl borate (12a, Figure 19) 'HNMR, 300MHz: 8 3.5 (s, 9H).

















<^ *&*** sr. *j "j*
















** ;v t"S <r> - te -* v w > ro
1 A. ** . Q i,*l *1 #. o * K r
- *rt *-> iw rSv*a ft > mi; *
<r% ij> w t-*-~wt^<-i)~<*.j>E) -* o *(






































sBGKSssks 2*20;: Stfwytfsagissisgjiissga sage
>i WW w a :j^ w son
= S
. * C=r *3 * ^
* <-' *
if S ti ig&l
e= as *j a y *<
> so M /> m w - (Ji S <$
. 4- , Qvwj "O w < ? *-' "
BC " -J^ s*> ^












0- */ t-* ' x> o o





. a r? f
?a








Off S2 * " '*
* v*p _ H '*_ -I ft















o *i -s -ts ^ r*> "- hi
r-
(i, a; v> <.')-; jt -o * !*I ;-r -^ r-.< w '."
** **^ J** r;* X u *j t; *?: w -3 rl "i *C i*3 i* *"*
> tft 0. t> 5S.
1<JM r N
i rf*. 4 Vv M O t
?:f ff fff 9
ki u o> < \*
r* * " **' w ** ** o v T* C1 o 71 *>> <




b r *. 0 <r tc




Figure 20. Proton NMR spectrum of 2, 4, 6-trimethoxycyclotriboroxane (TMB)
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Characterization of the crown ether encapsulated barium ethoxide.
Infrared Spectroscopy. The IR spectra of 18-crown-6 (2) and the encapsulated product
(14) were compared (Figures 21 and 22). The stretching of the carbon-oxygen-carbon in
cyclic ether bonds are observed between 1030 and 1270
cm'1.84
When comparing the
encapsulated product to that of the free crown ether (2) it is observed that shifting of the
ether bands occurs upon encapsulation of barium. Bands representing both the
symmetrical and asymmetrical C-H stretching of the ethyl groups are observed between
2840 and 3000 cm"1. The deformation and bending of the ethyl groups are observed
between 715 and 1480 cm"1. The observance of additional peaks in the encapsulated
product spectrum, specifically the new peak at 2980 cm"1, is consistent with the presence
of the ethoxides indicating that crown ether encapsulated barium ethoxide was obtained.
18-crown-6 (2, Figure 21)(cm"'): 2920 sh, 2895 vs, 2800 w, 2743 w, 1480 w, 1470 s,
1350 s, 1280 s, 1244 s, 1120 sh, 1107 vs, 964 s, 840 w, and 837 s.
Crown ether encapsulated barium ethoxide (14, Figure 22) (cm1): 2980 s, 2920 sh,
2895 vs, 2800 w, 2720 sh, 1494 w, 1469 w, 1370 s, 1353 vs, 1297 s, 1250 s, 1 105 vs,























Figure 22. IR spectrum of crown ether encapsulated barium ethoxide as a potassium bromide pellet.
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Proton Nuclear Magnetic Resonance Spectroscopy. The spectra of 1 8-crown-6 (2),
ethanol, and encapsulated product (14) were compared. The crown ether (2) was
represented by a singlet with sidebands at 2.4ppm (3.8 ppm) (Figure 23). One set of
peaks was expected since the protons are equivalent but it was surprising to see the peak
as a singlet rather than a trjplet. The observance of a singlet rather than triplet is probably
due to the molecular motion on the NMR time scale. As expected, the ethanol spectrum
resembled the expected spectrum for an ethoxide. It was observed as a quadruplet with
sidebands at 2.2 ppm (3.6 ppm) and a triplet with sidebands at -0.2 ppm (1.2 ppm). The
spectrum of crown ether encapsulated barium ethoxide was expected to look very similar
to that of a mixture of the ethanol and 18-crown-6 (2) with observing of slight shifts due
to the complexation. However, the spectrum (Figure 24) showed no shifting of the peaks
but the peaks representing the ethoxide protons appeared to be two different very closely
overlapped sets of ethoxides. The integration did not match the expected 24:4:6. Some of
the observed integrations were found to be 33:46:6, 47:22:31, as well as other deviations.
Deviations from the expected integration can be due to the presence of ethanol in the
sample. The compound (14) is still expected to be air and moisture sensitive also
suggesting that proper
integration will not be met.
18-Crown-6 (2, Figure 23) 'HNMR, 300MHz: 8 3.8 (s, 24H).
Crown ether encapsulated barium ethoxide (14, Figure 24) *HNMR, 300MHz: 8 1.2
(t, 6H,
J= 7.05 Hz), 8 3.6 (q, 4H,
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Figure 24. Proton NMR spectrum of crown ether encapsulated barium ethoxide
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Characterization of precursors using crown ether encapsulated barium
ethoxide solution and 2, 4, 6- trialkoxycyclotriboroxane.
Infrared Spectroscopy. Representation of the crown ether is present in the spectra of
both the non-hydrolyzed and hydrolyzed precursors. Again, the stretching of the
carbon-
oxygen-carbon bonds of the cyclic ether is observed between 1020 and 1270
cm"1.84
These bands are shifted from that of the free crown ether (2) due to the coordination to
barium. The non-hydrolyzed precursors (15n) have distinguishable alkoxide peaks.
Bands representing both the symmetrical and asymmetrical stretching of the alkyl groups
are observed between 2840 and 3000 cm"1. The TEB non-hydrolyzed precursor (15nb)
has peaks at 880 and 840
cm"1
representing the ethoxide whereas the TMB
non-
hydrolyzed precursor (15na) has a peak at 860
cm"1
representing the methoxide. As
expected bands from 1380-1335
cm"1
are observed representing the stretching of the
boron-oxygen bond of the metaborate rings. However, the absence of the characteristic
metaborate ring absorptions near 720 and 735
cm"1
and the presence of the absorptions
near 740 and 690
cm"1
bring question ofwhether or not the rings are present in the non-
hydrolyzed precursors. The spectra of the hydrolyzed precursors (15h) have a large peak
at approximately 3300
cm"1
making them difficult to evaluate. This large peak could be
attributed to the presence ofwater or could indicate the formation of oxygen-hydrogen
bonds similar to that of a boronic acid. The peaks representing the alkyl groups are no
longer present. The presence of the metaborate ring may be represented near 1330 cm"1.
In short, the IR spectra of both the non-hydrolyzed and
hydrolyzed precursors confirm
the coordination of the crown ether to barium. The non-hydrolyzed precursors seem to
contain borate but it is uncertain if the ring is still intact. It is uncertain how the spectra
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of the hydrolyzed precursors should be concluded; either there is a large amount ofwater
present or the expected borate groups are present with hydroxide groups instead of the
alkoxides.
Non-hydrolyzed triethoxycyclotriboroxane precursor (15nb, Figure 25)(cm""): 2965
s, 2863 s, 1628 w, 1445 m, 1347 m, 1328 s, 1255 m, 1 107 vs, 1073 vs, 984 w, 943 vs,
889 s, 860 s, 806 w, 741 m, 690 m.
Non-hydrolyzed trimethoxycyclotriboroxane precursor (15na, Figure 26)(cm"'):
2966 s, 2867 s, 1631 w, 1447 m, 1379 w, 1333 s, 1166 w, 1111 s, 1071 vs, 948 vs, 889 s,
804 m, 740 m, 690 m.
Hydrolyzed triethoxycyclotriboroxane precursor (15hb, Figure 27)(cm"1): 3265 vs,
1638 s, 1337 s, 1087 w, 925 w, 871 w.
Hydrolyzed trimethoxycyclotriboroxane precursor (15ha, Figure 28)(cm"1): 3270 vs,





































Figure 27. IR spectrum of hydrolyzed triethoxycyclotriboroxane precursor as a potassium bromide
pellet. Peaks near 2860 and 1020
cm'1















Figure 28. IR spectrum of hydrolyzed trimethoxycyclotriboroxane precursor as a potassium
bromide pellet.
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Proton NuclearMagnetic Resonance Spectroscopy of the non-hydrolyzed
precursors. The spectra of 18-crown-6 (2), ethanol, and the cyclic boroxanes (13) were
compared to the spectrum of the non-hydrolyzed precursors (15n) using deuterated
methanol as the solvent; remember a 1 .4 ppm shift upfield was observed. The spectra of
both non-hydrolyzed precursors (15n) (Figure 29 and 30) had a quadruplet at 2.2 ppm
(3.6 ppm) and a triplet at -0.2 ppm (1 .2 ppm) representing the ethoxide protons of
residual ethanol. There is a quintet at 1 .9 ppm (3.3 ppm). The quintet appears that it
may be a set of overlapping triplets and are believed to be representing coordinated
crown ether. The formation of two triplets is expected and reasonable for the crown ether
due to the coordination stabilizing the movement of the ether ring and allowing the
expected triplets to be observed. The NMR spectra do not assist the IR spectra in
determining the structure of the precursors. The IR suggests the presence of crown ether
as well as the appropriate alkoxy groups but whether the boroxanes exist as a ring or
chain can not be determined. The NMR spectra support the coordination of the crown
ether to barium. The peaks observed in the NMR spectra do not assist in determining the
arrangement of the boroxanes nor do they confirm the presence of the boroxanes,
although the singlet peak at 2.5 ppm (3.9 ppm) remains unassigned.
Non-hydrolyzed precursor using TEB (15nb, Figure 29) 'HNMR, 300MHz: 8 1 .2 (t,
9H,
J= 7.05 Hz), 8 1 .9 (q, 24H,
J= 1.64 Hz), 8 3.6 (q, 6H,
J= 7.03 Hz).
Non-hydrolyzed precursor using TMB (15na, Figure 30) 'HNMR, 300MHz: 8 1.2 (t,
9H,
J= 7.05 Hz), 8 1.9 (q, 24H,
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Figure 30. Proton NMR spectrum of non-hydrolyzed trimethoxycyclotriboroxane precursor
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Thermal Gravimetric Analysis of non-hydrolyzed precursors. The TGA scan (Figure
31) shows that a weight loss of about 5% occurs from 30C to about 73 C for the TEB
precursor, 15nb, and from 30C to 60 C for the TMB precursor, 15na, accounting for
the loss of ethanol. The larger weight loss occurring from 120C to about 350C for the
TEB precursor (15nb), and from 130 C to 330 C for the TMB precursor, (15na)
accounts for the complete removal of the crown ether (2). When reaching the final
temperature about 47% of the total weight is remaining for the TEB precursor (15nb) and
40% for the TMB precursor (15na). These are in close agreement with the theoretical
42.5% which would be barium borate. The higher than expected percentage
kwi 261
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Figure 31. TGA scans of both non-hydrolyzed precursors; kw.i.261 is the
trimethoxycyclotriboroxane precursor, kw.i.259 is the
triethoxycyclotriboroxane precursor.
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and the gray color of the remaining residue suggest that some graphite or other impurity
is also remaining.
Differential Scanning Calorimetry of non-hydrolyzed precursor. The DSC scans
(Figure 32) showed the expected exothermic and endothermic peaks at the temperatures
suggested by the TGA.
The non-hydrolyzed TEB precursor (15nb). There was endothermic peak at 37 C
suggesting the initial loss of ethanol and complete loss shown by the endothermic peak at
65 C. The peaks at 244C and 274 C suggest the loss of the crown ether (2) possibly
with some rearrangement or other reaction occurring. The exothermic peak at 558 C
suggests the conversion temperature to the P form ofBBO, which is slightly higher than
OT
the temperature observed by Gross (550 C).
The non-hydrolyzed TMB precursor (15na). There was endothermic peak at 80C
suggesting the loss of ethanol. The peaks at 166C, 297 C, and 352 C suggest the loss
of the crown ether (2) possibly with some rearrangement or other reaction occurring. The
exothermic peak at 562 C suggests the conversion temperature to the P form ofBBO;
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Figure 32. DSC scans of both non-hydrolyzed precursors; kw.i.261 is the trimethoxycyclotriboroxane
precursor, kw.i.259 is the triethoxycyclotriboroxane precursor.
Characterization of baked hydrolyzed precursors using crown ether
encapsulated barium ethoxide solution and 2, 4, 6- trialkoxycyclotriboroxane.
Infrared Spectroscopy.
As stated in Project I, the IR spectrum of P-BBO is attributed to vibrations of the borate
ring. The three major peaks are calculated to be at 1329, 1 141, and 764
cm"183
where the
high wave-numbered peaks represent symmetrical and asymmetrical stretching of the
boron-oxygen bond and the
764cm"1
peak represents the bending of the oxygen-boron-




Based on the number ofbands and the approximate locations relative
to the calculated values, the IR spectra suggest that P-BBO has not yet been obtained.
Yogo and
co-workers18,20




attributed to the y form, the open ring form ofBBO. The observance of the peaks at
approximately 950
cm"1
may be attributed to the y form and suggest that with further
heating the products will convert to P-BBO.
Additional peaks at 1218 and 1728
cm"1
were observed for the baked TEB hydrolyzed
precursor (16b). Optimistically, the 1728
cm"1
peak is a spurious band and the 1218
cm"1
peak may be attributed to the presence of a little P-BBO. However, the 1728
cm"1
may be
attributed to water or both the 1728 and 1218
cm"1
peaks may be attributed to residual
fragments of the precursor since they do not appear in the spectrum for the baked
products of the TMB precursor (16a) after heating at 550 C for two hours.
Baked product from the hydrolyzed TEB precursor (16b, Figure 33)(cm_1): 1 728 m,
1366 s, 1218 w, 949 vs, 716 s.
Baked product from the hydrolyzed TMB precursor (16a, Figure 34)(cm"1): 1335 s,

























This project was not studied for as great of a period as the first, hence it was found to
need further study. The identity of the precursors appear to be as expected but is difficult
to confirm based on the obtained spectra. The IR spectra of the non-hydrolyzed
precursors (15n) confirm the coordination of the crown ether to barium as well as suggest
the presence of borate. Unfortunately, it can not be concluded as to whether the borate
ring remained intact. The NMR spectra support the IR spectra indicating that the crown
ether is coordinated to the barium but do not assist in determining the orientation of the
borates. Based on the IR spectra after baking the hydrolyzed precursors at 550 C (16), it
appears that P-BBO has yet to be formed. However, the TGA scans, with close to
expected remaining weight percents, and the DSC scans, which suggest a formation
temperature of approximately 560 C, give cause to believe that P-BBO could be formed
with additional thermolysis. The IR spectra support this by showing peaks that seem to
correspond to the y form ofBBO and a peak that may be attributed to trace amounts of
P-
BBO. The complete formation temperature of 560 C, as stated previously by
Gross,82
is




The goal of this research was to prepare and characterize novel single source precursor(s)
for p-BBO. A viable SSP for p-BBO would have the following: 1) 1:2 atomic
stoichiometry ofBa:B (the stoichiometry ofoxygen is not critical since the precursor can
be fired in air to provided any needed oxygen), 2) the ability to undergo solid state
thermal decomposition to give the desired monophasic P-BBO, 3) physical properties to
provide compatibility with the particular film fabrication method used (i.e., volatility for
MOCVD or solvent solubility for spray MOCVD or CSD), and 4) air stability (this is
more of a convenience than essential property). The solid state thermolyses of these
compounds were studied initially to establish the precursors give the desired P-BBO
phase.
The precursor produced using barium hydride encapsulated by cryptand 2.2.2 and 2, 4,
6-
triphenylcyclotriboroxine (Project 1) was studied in greater depth. Although the
composition and structure of the precursor is still unknown and it was found to be highly
unstable, novel precursor(s) for P-BBO has been obtained. The powder
XRD and DSC
results suggest the formation temperature of P-BBO to be near 640 C. A thin film of
P-
BBO was produced byMOD using this precursor. The decomposition of the film to
obtain P-BBO was followed by XRD and the formation of p-BBO was observed as early
as 550C. Upon further study and achieving a purified precursor,
additional thin films of
p-BBO could be obtained using MOD orMOCVD
methods.
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The precursor produced using barium ethoxide encapsulated by 18-crown-6 and 2, 4, 6-
trimethoxycyclotriboroxane (Project 2) was found to need further evaluation. However,
the IR spectra and the results found previously using 2, 4, 6-triethoxycyclotriboroxane
suggest that these precursors provide a promising route to P-BBO thin films. The DSC
results suggest the formation temperature of P-BBO to be near 560C. The further




Ideally, continuation of these projects should include further characterization and
purification attempts, the optimization of the synthetic processes, and the production,
optimization, and characterization of thin films.
Continuation ofProject 1 (the precursor produced using barium hydride encapsulated by
cryptand 2.2.2 and 2, 4, 6-triphenylcyclotriboroxine) includes further purification
attempts, optimization of the synthetic process, and improved handling methods. The
purification attempts may have failed due to the reactivity of the product(s) and/or
interaction with water. To minimize interaction with water, it is suggested that THF be
dried over sodium and to lessen the time the product is exposed to air. In addition to
better atmosphere handling, a number of other purification techniques can be attempted.
These purification techniques require the determination of other usable solvents, such as
methylene chloride. The use of a more acidic boron source may also affect the water
stability of the product(s). Other synthetic modifications would be to add all reagents at
the same time, to alter the mole ratios of the starting materials, and to vary the cyclic
ether. The addition of all reagents at the same time may prevent likely production of
barium hydroxide which would promote the wanted reaction. It may also promote the
reaction because the boron would have the opportunity to more easily react with the
barium. The use of 1:1:1 ratio of barium hydride: cryptand: cyclic boronic anhydrides
(PI13B3O3), or to use the comparable boronic acid (PhB(OH)2) in a 1 : 1 :2 mole ratio may
produce the target precursor more easily. The use of 1 8-crown-6 may reduce the steric
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hindrance caused by the cryptand and allow for the boroxine to better coordinate to the
barium ion; this change may decrease the formation temperature of P-BBO.
Continuation ofProject 2 (the precursor produced using barium ethoxide encapsulated by
18-crown-6 and 2, 4, 6-trimethoxycyclotriboroxane) includes increasing the baking time
and/or temperature of the precursors, obtaining XRD of the baked precursors, further
optimization of the synthetic process, elucidation of the steric hindrance caused by
various alkyl groups, and the making and characterization of thin films. The major
opportunities for optimization of the synthetic process would be to better the barium
ethoxide encapsulation and add the trialkoxycyclotriboroxane at the same time as the
crown ether. Attempts to grow crystals of the precursors for X-ray crystallography could
also be conducted. The making of thin films would determine if either
trialkoxycyclotriboroxane produces more NLO efficient and/or uniform thin films.
The production, optimization, and further characterization of thin films may also be
addressed for both Projects 1 and 2. A number of different substrates have been used for
P-BBO thin films, such as, fused silica, quartz, and c-plane sapphire. The lattice
constants of the substrates may affect the alignment of the film hence the evaluation of
different substrates may improve the quality of the film. Production of thin films using
MOD orMOCVD may also produce better thin films once pure precursors have been
obtained. These films should be further characterized by ellipsometry, profilometry, and
scanning electron microscopy. Eventually with the obtaining of a high quality thin film,
the SHG coefficients should be determined using aNd/YAG laser.
85
References
1. Hecht, E. Optics, 4th ; Pearson education, Inc.: San Francisco, CA, 2002: 640.
2. Becker, P., Borate Materials in Nonlinear Optics. Adv. Mater. 1998, 10(13), 979-992.
3. Eimerl, D.; Davis, L.; Velsko, S.; Graham, E.K.; Zalkin, A., Optical, Mechanical, and
Thermal Properties ofBarium Borate. J. App. Phys. 1987, 62(5), 1968-1983.
4. Federov, P.P.; Kokh, A.E.; Kononova, N.G., Barium Borate p-BaB204 as a Material
for Nonlinear Optics. Russian Chem. Rev. 2002, 71(8), 651-671.
5. Tang, D., Nonlinear Optical BBO Crystals Growth, Properties, and Applications.
Chinese J. Struct. Chem. 2000, 19(2), 112-121.
6. Xue, D.F.; Zhang, S.Y., Structure and Non-linear Optical Properties of P-Barium
Borate. Acta Cryst. 1998, B54, 652-655.
7. Maia, L.J.Q.; Feitosa, C.A.C; De Vicente, F.S.; Mastelaro, V.R.; Sui Li, M.;
Hernandes, A.C., Structural and Optical Characterization of beta Barium Borate
Thin Films Grown by Electron Beam Evaporation. J. Vac. Technol A 2004
22(5), 2163-2167.
8. Eckardt, R.C.; Masuda, H.; Fan, Y.X.; Byer, R.L., Absolute and Relative Nonlinear
Optical Coefficients ofKDP, KD*P, BaB204, LiI03, MgO:LiNb03, and KTP
Measured by Phase-Matched Second-Harmonic Generation. IEEE J. Quant.
Electron. 1990, 26 (5), 922-933.
9. Xue, D.; Betzler, K.; Hese, H.; Lammers, D., Nonlinear Optical Properties ofBorate
Crystals. SolidState Commun. 2000, 1 14, 21-25.
10. Hellwig, H.; Liebetz, J.; Bohaty, L., Expectional Large Nonlinear Optical
Coefficients in the Monoclinic Bismuth Borate BiB306 (BiBO). SolidState
Commun. 1999, 109(4), 249-251.
1 1 . Fujian CASTECHCrystals, Inc. Category: NLO crystal; product name: BiB303.




12. Kobayashi, T.; Ogawa, R.; Miyazawa, K.; Kuwabara, M., Fabrication of P-BaB204
Thin Films with (001) Preferred Orientation through the Chemical Solution
Deposition Technique. J. Mater. Res. 2002, 17(4), 844-851.
86
13. Kobayashi, T.; Ogawa, R.; Matsuda, H.; Miyazawa, K.; Kuwabara, M., Second-order
Nonlinear Optical Properties of Solution-derived c-axis Oriented P-BaB204 Thin
Films. KeyEng. Mater. 2002, 216, 97-100.
14. Kobayashi, T.; Ogawa, R.; Kuwabara, M., Structural Evolution during
Crystallization of p-BaB204 Thin Films Fabricated by Chemical Solution
Deposition Technique. Mater. Lett. 2003, 57, 1056-1061.
15. Neves, P.P.; Maia, L.J.Q.; Bernardi, M.I.B.; Zanatta, A.R.; Mastelaro, V.R.,
Synthesis and Characterization of the P-BaB204 Phase Obtained by the
Polymeric Precursor Method. J. Sol-gel Sci. Technol. 2004, 29, 89-96.
16. Schwartz, R.W., Chemical Solution Deposition ofPerovskite Thin Films. Chem.
Mater. 1997, 9, 2325-2340.
17. Hirano, S.; Yogo, T.; Kikuta, K.; Yamagiwa, K., Preparation of P-BaB204 Powders
and Thin Films by Sol-Gel Method. J. Am. Ceram. Soc. 1992, 75(9), 2590-2592.
18. Yogo, T.; Niwa, K.; Kikuta, K.; Ichida, M.; Nakamura, A.; Hirano, S., Sol-Gel
Processing of P-BaB204 Thin Films throughMetal Organics. SPIE Sol-gel
Optics III. 1994, vol.2288, 484-492.
19. Hirano, S.; Yogo, T.; Kikuta, K.; Yamagiwa, K.; Niwa, K, Processing of p-BaB204
Powders and Thin Films throughMetal Alkoxide. J. Non-Cryst. Solids. 1994,
178,293-301.
20. Yogo, T.; Niwa, K.; Kikuta, K; Ichida, M.; Nakamura, A.; Hirano, S., Processing of
p-BaB204 Thin Films through Metal Organics. J. Sol-gel Sci. Technol. 1997, 9,
201-209.
21. Yogo, T.; Niwa, K.; Kikuta, K.; Ichida, M.; Nakamura, A.; Hirano, S., Synthesis of
P-BaB204 Thin Films from aMetallorganic Precursor. J. Mater. Chem. 1997,
7(6),929-932.
22. Physical Vapor Deposition by Sputtering. Retrieved September 28, 2006, from
http://www.siliconfareast.com/sputtering.htm
23. Liao, H. B.; Xiao, R. F.; Yu, P.; Wong, G. K. L.; Zheng,
J. Q., Preparation of
Crystalline beta Barium Borate (P -BaB204) Thin Films by Opposed-targets
Magnetron Sputtering. J. Vac. Sci. Technol., A. 1996, 14(4), 2651-2654.
24. Liao, H. B.; Xiao, R. F.; Yu, P.; Wong, G. K. L.,
Growth ofbeta Barium Borate (p -
BaB204) Thin Films forNonlinear Optical
Applications. J. Cryst. Growth. 1997,
174(1-4), 434-439.
87
25. Xiao, R.-F.; Ng, L. C; Yu, P.; Wong, G. K. L., Preparation ofCrystalline beta
Barium Borate (P -BaB204) Thin Films by Pulsed Laser Deposition. App. Phys.
Lett. 1995, 67(3), 305-7.
26. Sato, H.; Sugawara, S., Novel Volatile Barium P-diketone Chelates for Chemical
Vapor Deposition ofBarium Fluoride Thin Films. Inorg. Chem. 1993, 32, 1941-
1945.
27. Studebaker, D.B.; Marks, T.; Neumayer, D.A.; Hinds, B.J.; Stern, C.L., New
Precursors for Barium Metal-Organic Chemical Vapor Deposition. In Situ Growth
ofEpitaxial Barium Titanate Films Using a Liquid Barium Precursor. Chem.
Mater. 1994, 6, 878-880.r vy,
28. Studebaker, D.B.; Stauf, G.T.; Baum, T.H.; Marks, T.J.; Zhou, H.; Wong, K., Second
Harmonic Generation from Beta Barium Borate Thin Films Grown by
Metalorganic Chemical Vapor Deposition. App. Phys. Lett. 1997, 70(5), 565-567.
29. Studebaker, D.B.; Marks, T.; Neumayer, D.A.; Hinds, B.J.; Stern, C.L.,
Encapsulating bis(beta-Ketoiminato) Polyethers. Volatile, Fluorine-free Barium
Precursors forMetal Organic Chemical Vapor Deposition. Inorg. Chem. 2000, 39,
3148-3157.
30. Seivers, R.E.; Turnispeed, S.B.; Huang, L.; Lagalante, A.F., Volatile Barium P-
diketonates for use as MOCVD Precursors. Coord. Chem. Rev. 1993, 128, 285-
291.
31. Carlsson, J-O., Precursor Design for Chemical Vapour Deposition. Acta Chim.
Scand. 1991, 45, 864-869.
32. Gysling, H.J.; Weinberg, A.A.; Blanton, T.N., Molecular Design of Single Source
Pre cursors for 3-6 Semiconductor Films: Control ofPhase and Stoichiometry in
InxSey Films Deposited by a Spray MOCVD Process Using
Single-Source
Reagents. Chem. Mater. 1992, 4, 900-905.
33. Pignard, S.; Vincent, H.; Senateur, J.P., Epitaxial and Polycrystalline BaFei20i9 Thin
Films Grown by Chemical Vapor Deposition. Thin Solid Films. 1999, 350,
119-
123.
34. Pike, R. D.; Cui, H.; Kershaw, R.; Dwight, K.; Wold, A.; Blanton, T. N.; Weinberg,
A. A.; Gysling, H. J., Low Temperature Preparation ofZinc Sulfide Thin Films




35. Wernberg, A. A.; Gysling, H. J., MOCVD Deposition ofEpitaxial LiNb03 Thin
Films Using the Single-Source Precursor LiNb(OEt)6? Chem. Mater. 1993,
5, 1056.
36. Wernberg, A. A.; Braunstein, G. H.; Gysling, H. J., Improved Solid Phase Epitaxial
Growth ofLithium Tantalate Thin Films on Sapphire Using a Two-Step
Metallorganic Chemical Vapor Deposition Process, App. Phys. Lett.
1993, 63, 2649.
37. Wernberg, A. A.; Gysling, H. J.; Braunstein, G., Single Crystalline Growth of
LiNb03 on LiTa03 by Spray Metalorganic Chemical Vapor Deposition Using
the Single Source Precursor LiNb(OEt)6 J Cryst. Growth. 1994, 140, 57.
38. Wernberg, A. A.; Gysling, H. J., Spray MOCVD ofLiNb03, Handbook ofThin Film
Process Technology, D. A. Glocker and S. I. Shaw, Eds., IOP Publishing, Ltd.,
Bristol, UK 1996, pg. X4.2:8, Section X4.2.5.
39. Wernberg, A. A.; Gysling, H. J., SprayMOCVD ofLiTa03; Handbook ofThin Film
Process Technology, D. A. Glocker and S. I. Shaw, Eds., IOP Publishing, Ltd.,
Bristol, UK, 1996, pg. X4.2:12, Section X4.2.6.
40. Liu, J.; Xia, C; He, X.; Zhou, G.; Xu, J., Residual Stress in Beta Barium Borate Thin
Films Grown by Liquid Phase Epitaxy. J. Cryst. Growth. 2004, 267, 161-165.
41. Liu, J.; He, X.; Xia, c; Zhou, G.; Zhou, S.; Xu, J.; Yao, W.; Qian, L., Preparation of
Crystalline beta Barium Borate Thin Films on Sr2+- doped alpha Barium Borate
Substrates by Liquid Phase Epitaxy. Thin Solid Films. 2006, 510, 251-254.
42. Thin Film Process II; Vossen, J.L.; Kern, W., Eds.; Academic Press, Inc.: San Diego,
CA, 1991; Part III, ch. 2, pp. 371.
43. Veith, M., Single Source Precursor-CVD for Nano-Scaled Ceramics and Cermets,
Materials Science Forum. 2000, 343-346 (Pt.2, Metastable, Mechanically Alloyed
and NanocrystallineMaterials, Part 2), 531-538.
44. Veith, M., Single Source Precursor CVD: Alkoxy and Siloxy Aluminum Hydrides,
Top Organomet. Chem. 2005, 9, 81-100.
45. Schulz, S., CVD Deposition ofBinary AlSb and GaSb Material Films
- A Single -
Source Approach, Organomet. Chem. 2005, 9 (Precursor Chemistry ofAdvanced
Materials: CVD, ALD and Nanoparticles), 101-123.
89
46. Schulz, S.; Fahrenholz, S.; Kuczkowski, A.; Assenmacher, W.; Seemayer, A.;
Hommes, A.; Wandelt, K., Deposition ofGaSb Films from the Single - Source
Precursor [t-Bu2GaSbEt2]2, Chem. Maters. 2005, 17(8), 1982-1989.
47. Afzaal, M.; Crouch, D.; O'Brien, P., Metal-Organic Chemical Vapor Deposition of
Indium Selenide Films using a Single
- Source Precursor, Mater. Sci. Eng, B.
2005, B116(3), 391-394.
48. Jin, R.; Sha, H.; Khalifah, P. G.; Sykora, R. E.; Sales, B. C; Mandrus, D.; Zhang, J.,
Ba2Co04: Crystal Growth, Structure Refinement, and Physical Properties, Phys.
Rev. B: Condens. MatterMater. Phys. 2006, 73(17), 174404/1-174404/7.
49. Tahir, A.A.; Molloy, K.C.; Mazhar, M.; Kociok-Kohn, G.; Hamid, M.; Dastgir, S.,
Synthesis and Structural Characterization of a New Heterobimetallic Coordination
Complex ofBarium Cobalt for Use as a Precursor for Chemical Vapor
Deposition, Inorg. Chem. 2005,44,9207-9212.
50. Manning, T.D.; Loo, Y.F.; Jones, A. C; Aspinall, H. C; Chalker, P. R.; Bickley, J.
F.; Smith, L. M.; Critchlow, G. W., Deposition ofLaA103 Films by Liquid
Injection MOCVD using a New [La-Al] Single Source Alkoxide Precursor, J.
Mater. Chem. 2005, 15, 3384-3387.
51. Cowley, A.H.; Jones, R.A., The Single-Source Precursor Concept. A Case Study of
Galium Arsenide, Polyhedron. 1994, 13(8), 1149-57.
52. Miiller, J.; Bendix, S., Insights into the Chemical Vapor Deposition ofGaN Using the
Single-Source Precursor Me2N(CH2)3Ga(N3)2: Matrix Isolation ofGa(N3),
Chem.Commun. 2001, 91 1-912.
53. Shyu, S.-G.; Wu, J.-S.; Wu, C.-C; Chuang, S.-H.; Chi, K.-M.,
Iron Sulfide Films
via Fe2(u-S2)(CO)6 as a Single Source Precursor, Inorg. Chim. Acta. 2002, 334,
276-282
54. Lewkebandara, T.S.;Winter, C.H., CVD Routes to Titanium Sulfide Films, Adv.
Mater. 1994, 6(3), 237-239.
55. Artaud, M.C.; Ouchen, F.; Duchemin, S.; Bougnot, J.,
Characterization ofCuInSe2
Absorber Thin Films Grown by Metal Organic Chemical Vapor Deposition, Solid
State Phenomena. 1994, 37-38, 503-508
56. Nomura, R.; Sdeki, Y.; Konishi, K.; Matsuda, H.,
Preparation ofCopper-Indium-
Sulfide Thin Films by Single-Source OMCVD: Mass-Spectral Investigation of
Decomposition Path of the Organometallic Sources, App. Organomet.
Chem. 1992, 6, 685.
90
57. Malandrino, G.; Finocchiaro, S. T.; Rossi, P.; Dapporto, P.; Fragala, I. L.,
Multifunctional Cadmium Single Source Precursor for the Selective Deposition
ofCdO or CdS by a Solution Route, Chem. Commun. 2005, 45, 5681-5683.
58. Gasqueres, C; Duminica, F.-D.; Maury, F., MOCVD ofCr3(C,N)2 and CrSixCy
Films, J. Electrochem. Soc. 2005, 152(12), G907-G911.
59. Choi, I. H., Low-temperature Growth ofZnO Films by using Low-Pressure
MOCVD with a Single -Source Precursor, J. Korean Phys. Soc. 2005, 47(4),
696-699.
60. Jayaraman, S.; Yang, Y.; Kim, D. Y.; Girolami, G. S.; Abelson, J. R. Hafnium
Diboride Thin Films by Chemical Vapor Deposition from a Single Source
Precursor, J. Vac. Sci. Technol., A. 2005, 23(6), 1619-1625.
61. Youn, K. S.; Yu, K. H.; Song, J. S.; Choi, I. H., Growth ofCdS Thin Films by using
MOCVD with a Single - Source Precursor C10H20CdN2S4 or C14H28CdN2S4,
J. Korean Phys. Soc. 2005, 47(1), 89-93.
62. Blaszczyk-Lezak, I.; Wrobel, A. M.; Kivitorma, M. P. M.; Vayrynen, I. J., Silicon
Carbonitride Films Produced by Remote Hydrogen Microwave Plasma CVD
using a (dimethylamino)dimethylsilane Precursor, Chem. Vap. Deposition. 2005,
11(1), 44-52.
63. Jayaraman, S.; Klein, E. J.; Yang, Y.; Kim, D. Y.; Girolami, G. S.; Abelson, J. R.,
Chromium Diboride Thin Films by Low Temperature Chemical Vapor
Deposition. J. Vac. Sci. Technol, A.. 2005, 23(4), 631-633.
64. Cotton, F.A.; Wilkinson, G. Advanced Inorganic Chemistry.
5th
ed. John Wiley &
Sons, Inc., New York, 1988, pg 1387.
65. Huang, L., Sievers, R.E., Turnispeed, S.B., Haltiwanger, R.C., Barkley, R.M.,
Synthesis and Structures ofVolatile Mononuclear and Pentanuclear Chelates of
Barium. Inorg. Chem. 1994, 33, 798-803.
66. Zhang, X.X.; Bordunov, A.V.; Bradshaw, J.S.; Dalley, N.K.; Kou, X.; Izatt, R.M., A
New Highly Selective Macrocycle for
K+
and Ba 2+: Effect of Formation of
Psuedo SecondMacroring through Complexation. J. Am. Chem. Soc. 1995, 117,
11507-11511.
67. El-Kaderi, H.M., Heeg, M.J., Winter, C.H., Sandwich Complexes
of the Heavier
Alkaline Earth Metals Containing r)5-p-Diketiminato Ligand Sets.
Organometallics. 2004, 23(21), 4995-5002.
91
68. Gillett-Kunnath, M.; Teng, W.; Vargas, W.; Ruhlandt-Senge, K., Synthesis and
Structures ofMonomeric Magnesium, Calcium, Strontium, and Barium Amides
Involving the N,N- (2, 4, 6-trimethylphenyl)(trimethylsilyl)amido Ligand. Inorg.
Chem. 2005, 44, 4862-4870.
69. Igumenov, I.K.; Semyannikov,
P.P.'
Belaya, S.V.; Zanina, A.S.; Shergina, S.I.;
Sokolov, I.E., New Volatile P-diketonate Complexes ofBarium with Sterically
Hindered Methoxy- P-diketones as Precursors for CVD. Polyhedron. 1996, 15
(24), 4521-4530.
70. Norman, J.A.T., Pez, G.P., Volatile Barium, Strontium, and Calcium
Bis(Hexafluroacetylacetonate)(Crown ether) Complexes. Chem. Commun. 1991,
14,971-2.
71. Lehn, J.M.; Sauvage, J.P.; Dietrich, B., Cryptates. Cation Exchange Rates. J.A.C.S.
Communication. 1970, 92 (9), 2916-2918.
72. Parsons, D.G.; Wingfield, J.N., Alkali Earth Metal Complexes with some
Macrocyclic
"Crown"
Polyethers. Inorg. Chim. Acta. 1976, 18, 263-267.
73. Chantooni, M.K.; Kolthoff, I.M., Transfer Activity Coefficients between Water and
Methanol ofComplexes of some Univalent and Barium Ions with
Dibenzocryptand 2.2.2, Cryptand 2.2.2, and 18-crown-6. Proc. Natl. Acad. Sci.
USA. 1981, 78(12), 7245-7247.
74. Burns, J.H.; Kessler, R.M., Structural and MolecularMechanics Studies of
Bis(dibutylphophato)aquastrontium-18-crown-6 and Analogous Alkaline-Earth-
Metal Complexes. Inorg. Chem. 1986, 26(9), 1370-1375.
75. Fichtel, K.; Hofmann, K.; Behrens, U., Polymeric and Monomeric Barocene:
Synthesis and Structure ofBa(C5H5)2 DMSO and Ba(C5H5)2(18-crown-6).
Organometallics. 2004, 23, 4166-4168.
76. Kobrsi, I.; Knox, J.E.; Heeg, M.J.; Schlegel, H.B.; Winter, C.H., Weak
Carbon-
Hydrogen-Nitrogen Interactions Affect the Heterocyclic Ligand Bonding Modes
in Barium Complexes Containing n2-Tetrazolato and n2-Pentazolato Ligands.
Inorg. Chem. 2005, 44, 4894-4896.
77. Koester, R.; Angermund, K.; Serwatowski, J.; Sporzynski, A., Novel
Organoboron-
oxygen-halogenaluminium Compounds from Triorganoboroxins with Aluminium
Trihalides. Chem. Ber. 1986, 119, 1301-1314.
78. Brown, P.; Mahon, M.F.; Molloy, K.C., Sterically Hindered Organotin Compounds.
Part 3. The Reaction Between Di-ter/-butyltin Oxide and Organoboronic Acids.
J. Chem. Soc. Dalton Trans. 1992, 24, 3503-3509.
92
79. Pantcheva, I.; Osakada, K., Synthesis and Reactivity of a Platinum (II) Complex with
a Chelating Dehydro(arylboronic anhydride) Ligand. Transmetalation of
Arylboronic Acid. Organometallics. 2006, 25, 1735-1741.
80. Chan, D.M.T; Monaco, K.L.; Li, R.; Clark, C. G.; Lam, Y. S. P., Copper promoted
C-N and C-0 bond cross-coupling with phenyl and pyridylboronates, Tetrahedron
Lett. 2003, 44, 3863-3865.
81. Making TLC Platesfrom Bulk Silica Gels. Retrieved June 5, 2006, from
www.emdchemicals.com/lifescience/literature/061009 making_TLC_plates from
bulk TLC silica gels.pdf
82. Gross, T. Beta-barium Borate Thin Film Formation on Silicon Through Metal
Organic Decomposition ofTwo Novel Precursors, Barium Dimesitylborinate and
Barium (18-crown-6) Cyclotriboroxane. M.S. Thesis, Rochester Institute of
Technology, Rochester, NY, June 2004.
83. Wu, Kechen; Lee, S. Y., Ab Initio Calculations on Normal Mode Vibrations and the
Raman and IR Spectra of the [B306]-3 Metaborate Ring, J. Phys. Chem. A. 1997,
101,937-940.
84. Socrates, G. Infrared and Raman Characteristic Group Frequencies.
3rd
ed. John
Wiley & Sons, Ltd., New York, 2001.
85. Kalbus, G.E.; Lieu, V.T.; Kalbus, L.H., Infrared Examination of the Transformation
ofBarium Sulfate into Barium Carbonate. J. Chem. Ed. 2006, 83(6), 910-912.
86. Teleb, S.M.; El-Sayed Nassr, D.; Nour, E.M., Synthesis and Infrared Spectra of
Alkaline Earth Metal Carbonates Formed by the Reaction ofMetal Salts with
Urea at High Temperature. Bull. Mater. Sci. 2004, 27(6), 483-485.
87. Lappert, Cyclic Organic Boronic Compounds. Part 1. Preparation, Characterization,
and Stability ofEsters ofMetaboronic acid. J. Chem.
Soc. Abstracts. 1958, 2790-
2793.
88. Chemexper.com Triethyl borate. Retrieved October 27, 2006, from
www,chemexper . com
89. Werner, R. L.; O'Brien, K.G., The Infrared Spectra
of the Borate Esters. Australian




Four product samples, from four different syntheses, were analyzed by elemental analysis
after attempting to be purified by preparative TLC. The difference between the four
samples is simply the age of the sample; KW-II- 143 was obtained about 3 months,
KW-
III- 1 1 about 2 months, KW-III- 123 about one week, and KW-III-75 about one month
before performing the preparative TLC.
















143APT 1.69 0.375 NA* NA* NA*
KW-III-
11APT 0.254 0.051 56.14 8.38 35.175
KW-III-





Not Applicable because not enough sample was present
The easiest way to evaluate elemental analysis results is by calculating the expected
values. The expected percentages are calculated by using the molecular formula of the
expected compound and the mass of the atoms to calculate the percentage. The
calculations were performed by first determining the how much of each atom is present.
This was done by multiplying the number of the particular atom present by the mass of
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that atom. The total mass of the atom of interest was then divided by the mass of
molecule and converted to a percentage by multiplying by 100.
Table 2A. Table of the expected percentages for each atom in four proposed products and the














18.63 2.93 48.85 6.24 23.35
II (826.7
g/mol)






















NA* NA* 66.57 11.10 22.33
*Not Applicable because atom is not present in molecule.
Example: There are 18 carbons in a cryptand molecule. The mass of carbon is 12.0
g/mol. The mass of the cryptand is 376.4 g/mol.
% carbon in cryptand = [(# carbons*mass of carbon)/mass of
cryptand]* 100
% carbon in cryptand = [(18*12.0)/376.4]*100
% carbon in cryptand = 57.39%
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Another easy calculation performed to determine how much ofknown impurities are
present in the sample analyzed by elemental analysis is as follows, where A is the
fraction of the impurity present:
experimental
=
expected products + A (impurity)
For this study the major impurities are cryptand and TPB; THF may be present as a minor
impurity. Unfortunately, in order for this calculation to be helpful the experimental value
must be greater than the expected. Many of the calculations produced negative values
suggesting that the expected precursor is not present in the sample. The negative values
prevent the determination of exactly how much excess cryptand, TPB, and/or THF is
present in each sample.
Table 3A. Table of results from the calculations for determination of excess cryptand
Proposed product/
experimental sample
Based on % C
KW-III- 11APT
Based on % C
KW-III-123APT
Based on % H
KW-III- 11APT
Based on % H
KW-III- 123APT
I 0.13 0.09 0.22 0.11
II 0.07 0.03 0.21 0.09
III 0.02 -0.02 0.27 0.15
IV -0.01 -0.05 0.25 0.14
Table 4A. Table of results from the calculations for the determination of excess TPB.
Proposed product/
experimental sample
Based on % C
KW-III- 11APT
Based on % C
KW-III- 123APT
Based on % H
KW-III- 11APT
Based on % H
KW-III- 123APT
I 0.11 0.07 0.44 0.21
II -0.62 0.03 0.40 0.17
III 0.02 -0.01 0.53 0.30
IV -0.01 -0.04 0.50 0.27
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Based on % B
KW-II-143APT
Based on % B
KW-III- 11APT
Based on % B
KW-III- 123APT
Based on % B
KW-III-75APT
I -0.25 -0.28 -0.04 -0.21
II -0.34 -0.37 -0.14 -0.30
III -0.46 -0.49 -0.26 -0.42
IV -0.51 -0.54 -0.31 -0.47
Table 5A. Table of results from the calculations for determination ofTHF.
Proposed product/
experimental sample
Based on % C
KW-III- 11APT
Based on % C
KW-III- 123APT
Based on % H
KW-III- 11APT
Based on % H
KW-III-123APT
I 0.11 0.08 0.19 0.09
II 0.06 0.03 0.18 0.08
III 0.02 -0.01 0.23 0.13
IV -0.01 -0.04 0.22 0.12
Example of calculation:
The amount of excess cryptand can be determined by evaluating the percentages
of carbon and hydrogen. Example is shown using expected results for product I and the
experimental results from sample KW-III- 1 1APT.
Experimental % C = % C expected for products + A (% C expected for Cryptand)
56.14 = 48.85+ A (57.39)
A=0.13
A third calculation that can be performed to assist in evaluating the elemental analysis
results is to determine the percentage of impurity present based on the assumption that
either all of the barium or boron observed is present as part of the proposed product. This
calculation is done by remembering that the total percent of anything is equal to 100. So




The value ofX can be determined using the elemental analysis results and the ratios of
the atoms present in the proposed precursors after some manipulation. The first step is to
make the assumption that all of the barium found by the elemental analysis exists as
product. The second is to determine how much boron is present based on the amount of
barium observed; this is done by finding the weight ratio (WR) between barium and
boron, WRBa:B, for the products and multiplying the ratio by the observed barium.
%B = %Ba/WRBa:B
Third step is account for the presence of the boroxine. This is again done by using
weight ratio between barium and TPB, WRBa:TPB, for the proposed products and
multiplying the ratio by the observed barium. Note that only the carbon, hydrogen, and
oxygen percentages are of interest because the boron has been accounted for.
%TPB = %Ba/WRBa:TPB
Lastly, the presence of the cryptand must also be taken into account as part of the
proposed precursor; one cryptand is assumed to be coordinated to the barium of each
proposed precursor.
X= %Ba +%B +%TPB +%222
X= %Ba + (%Ba/WRBa:B) + (%Ba/WRBa:TPB)+ %222
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g/mol) 6.36 0.68 51.08
II (826.7
g/mol) 4.24 0.49 45.53
III (1048.3
g/mol) 2.54 0.29 35.92
IV (1138.1
g/mol) 2.12 0.25 33.07
Table 7A. Table of results from the impurity calculation assuming all barium observed is part of the
precursor.
%
Barium X (%) Y(%)
KW-II-
143APT 1.69 55.52 44.48
KW-III-
11APT 0.254 46.36 53.64
KW-III-
123APT 4.21 56.51 43.49
KW-III-
75APT 2.05 44.45 55.55
Example of calculation:
Example is shown using the results from KW-II-143APT and the expected values
ofproposed product I.
X= %Ba +%B +%TPB +%222
X= %Ba + (%Ba/WRBa:B) + (%Ba/WRTPB:B) + %222
X = 1 .69 + (1 .69/6.36) + (1
.69/0.68)+5 1 .08
X= 1.69 + 0.27 + 2.49 + 51.08
X = 55.52%
100-X = Y
100- 55.52 = Y
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Y = 44.48%
Similar calculations can be done making the assumption that all boron observed exists as
part of the proposed precursors.
X= %B +%Ba +%TPB +%222
X= %B + (%B*WRBa:B) + (%B*WRTPB:B) + %222









g/mol) 6.36 9.34 51.08
II (826.7
g/mol) 4.24 8.66 45.53
III (1048.3
g/mol) 2.54 8.90 35.92
IV (1138.1
g/mol) 2.12 8.64 33.07





143APT 0.375 57.34 42.66
KW-III-
11APT 0.051 46.24 53.76
KW-III-
123APT 2.49 66.90 33.10
KW-III-
75APT 0.772 42.15 57.85
Example of calculation:
Example is shown using the results from KW-II-143APT and the expected values
ofproposed product I.
X= %B +%Ba +%TPB +%222
X= %B + (%B*WRBa:B) + (%B*WRTPB:B) + %222
100
X= 0.375 + (0.375*6.36) + (0.375*9.34) + 51.08
X = 0.375 + 2.39 + 3.50 + 51.08
X = 57.34%
100-X = Y
100- 57.34 = Y
Y = 42.66%
The obtained elemental results were not as expected. The obtained barium and boron
results (by ICP) are significantly lower than expected whereas the carbon and hydrogen
results (by combustion) are surprisingly close to the expected values. The amounts of
excess cryptand, TPB, and THF were attempted to be determined, however, since a
number of the calculations gave negative values it can be said that there may not have
been any of the proposed product. The last set of calculations suggests that the samples





Date: August 22, 2006
A series of six BBO powders "KW-III-165. 11.550 (14831A1)", "KW-III-1 65.75.550
(14831B1)","KW-III-165. 143.550 (14831C1)", "KW-III-139.11 (14831D1)", "KW-III-139.75
(14830E1)", and "KW-III-139.143 (1483
1F1)"
were submitted to XRD for phase identification
determination. All samples were mounted as sprinkles on quartz zero background disk. The
samples were analyzed using the coupled XRD technique.
In the sample "KW-III-165. 1 1.550
(14831A1)"
XRD detected an amorphous component and two
trace level unassigned crystalline peaks.
In the sample "KW-III- 165.75.550 (1483
1B1)"
XRD detected only an amorphous component.
In the sample "KW-III-165. 143.550
(14831C1)"
XRD detected a major amorphous component,
and BaC03 (PDF# 5-378, witherite), Ba(C03) (PDF# 78-2057).
In the sample "KW-III- 139.1 1
(14831D1)"
XRD detected a major amorphous component, and a
trace level ofBaB80i3 (PDF# 20-97, barium borate).
In the sample "KW-III-139.75
(14830E1)"
XRD detected only an amorphous component.
In the sample "KW-III-139.143
(14831F1)"
XRD detected a major amorphous component,
major level ofBaC03 (PDF# 5-378, witherite), and a trace level of BaB204 (PDF# 85-914,
barium borate).
Please direct questions concerning this analysis to Craig Barnes or Tom Blanton
(x72311/x23323).
This report may not be duplicated except in its entirety









































Figure IB. XRD ofKW-III-165.75.550
Ref: 14939 103
Intensity(CPS)




































































Figure 3B. XRD ofKW-HI-139.11. Peaks of barium borate are shown.
Refi: 14939 105
Intensity(CPS)
















Figure 5B. XRD ofKW-III-139.143. Peaks ofwitherite and barium borate are shown.
Refi: 14939 107
PowderXRD results after heating to 800C:
Date: October 27, 2006
A series of three BBO powders "KW-III- 139.1 1 (14831D1)", "KW-III-139.75 (14830E1)", and
"KW-III-139.143
(14831F1)"
which were previously analyzed by XRD were resubmitted for
annealing and XRD phase identification. All three samples were annealed in a porcelain dish
@800C
for one hour in air. The samples were then ground and mounted as sprinkles on quartz
zero background disks with a small amount of silicone grease. The samples were relabeled "KW-
III-139 (1 1)
- 800C lHr (14939A)", "KW- III-139 (75)
- 800C lHr (14939B)", and "KW- III-
139 (143)
- 800C lHr (14939C). The samples were analyzed using the coupled XRD technique.
In the sample "KW-III-139 (1 1)
- 800C lHr
(14939A)"
XRD detected a major amorphous
component, plus major crystalline BaBgOn (PDF# 20-97, barium borate).
In the sample "KW- III-139 (75)
- 800C lHr
(14939B)"
XRD detected only an amorphous
component.
In the sample "KW- III-139 (143)
- 800C lHr
(14939C)"
XRD detected a major amorphous
component, plus major levels ofBaC03 (PDF# 41-373), BaB204 (PDF# 85-914, barium borate),
and unidentified diffraction peaks. We were unable to identify this additional phase(s).
Please direct questions concerning this analysis to Craig Barnes or Tom Blanton
(x72311/x23323).
This report may not be duplicated except in its entirety
in order to preserve data integrity.
Refi: 14939 108
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Figure 8B. XRD of KW-III-139(143)-800C. Peaks of barium carbonate and barium borate are
shown.
Refe-14934. 111
Thin Film XRD Results:
Date: September 1,2006
Two film samples coated on (012) sapphire wafers were submitted to XRD for
determination of crystallinity and phase identification. The samples were identified as
TS-II-120-FilmB and KW-III- 193.
Each sample was analyzed as received, and after thermal processing. Thermal processing
occurred from 300 to 700 degC, at steps of 50 degC. After each thermal processing step,
the sample was cooled to room temperature and analyzed by XRD.
A second series of seven heat-treatments were preformed on the BBO film "KW-III-193
(14832B#) on a sapphire wafer with XRD phase identification analysis being preformed
after each heating (etc. "KW-III-193 000 (14832B0)", for the sample as received to
"KW-III-193 700
(14832B700)"
for the final XRD run). Each of the seven heat-
treatments was preformed on the same wafer for five minutes each in a DelTech furnace.
Thermal processing occurred in ambient air.
XRD detected an unidentified amorphous component in the as received sample
"KW-III-
193 000 (14832B0)".
300 to 500 degC:
XRD was unable to detect crystalline peaks due to in samples "KW-III-193 300
(14832B300)"
through "KW-III-193 500 (14832A500)".
550 to 700 degC:
XRD detected two crystalline peaks that appear to be due to the (104) (29.0 deg 20) and
(006) (42.5 deg 20) peaks of the crystalline form ofbarium borate (PDF# 80-1489,




XRD did detect oriented BaB204 in thermally processed KW-III-193.
Please direct questions concerning this analysis to Craig Barnes or Tom Blanton
(x72311/x23323).
This report may not be duplicated except in its entirety







































Figure 9B. Thin Film XRD results.
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